IbtiiHul  Technical  Intermatian  Servlet 
U.  S.  DEPARTMENT  OF  COMMERCE 


BRL  CR  278 


014084 


MD 


00 

0 

01 

•5^ 


BRL 


CONTRACT  REPORT  NO.  278 

EVALUATION  OF  ADDITIVES  TO  REDUCE  SOLID 
PROPELLANT  FLAMMABILITY  IN  AMBIENT  AIR 


Prepared  by 

Princeton  University 
Princeton,  New  jersey 


J 


December  1975 


Appr»>¥*<j  tor  public  roltott;  itrlbutlon  un11«1ttd. 


D D C 

JAN  12  S78 

K5EL'  U li' 

D 


research  laboratories 

AB6R0EEN  PROVING  GROUND,  MARYLAND 

|»pretfuc«tf  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

UB  of  Cofflmtrca 

SpringFid^,  VA.  2}tS) 


LJL 


^ u.  LL iiLu.i|iLiRpi^ippv^9SR^  vm 


Destroy  this  report  when  it  is  no  longer  needed. 
Do  not  retuni  it  to  the  originator. 


Secondary  distribution  of  this  report  by  originating 
or  sponsoring  activity  is  prohibited, 

Additional  copies  of  this  report  may  be  obt pined 
from  the  National  Technical  Information  Service, 

U.S.  Department  of  Commerce,  Springfield,  Virginia 


) 


TTie  findings  in  this  report  are  not  to  be  construed  as 
an  official  Department  of  the  Army  position,  unless 
so  designated  by  other  authorized  documents. 

The  use  of  trade  mnee  or  mnufacturera’  namee  in  thie  rvpcrf. 
does  not  aonatitute  indoree nent  of  any  ccrmeraial  product. 


UMCLASSIFIED 


ICCUmTV  CtAlliriCATlOM  or  THII  »>AOC  (Wh*n 


1 REPORT  DOCUMENTATION  PAGE 

READ  mmuCTIONS 
BEFORE  COMPLETtNC  FORM 

1.  reciriinT'i  cataloo  number 

* TITLE  r«ntf  lufetliltj 

EVALUATION  OP  ADDITIVES  TO  KEDUCE  SOLID 
PROPELLANT  PLAMKABILITY  IN  AMBXEMT  AIR 

S.  tyre  OR  RCRORT  • RERiOO  COVERED 

Technical 

1 Dec  1971  - 30  Nov  1974 

7.  AuTNOArV 

Leonard  H.  Caveny>  Anthony  Z.  Hackle wicx  and 
Martin  Sunnerfleld 

1.  contract^  oil  oAanT  NUWSCRTa; 
DAAD05-72-C-0135 

t.  NCMfONMINO  OMDANIlATiDN  NAME  ANO  AOONCll 

Princeton  Univereity 
Princeton^  N.J. 

<0.  RRODRAM  element  RROJECT.  TASK 
AREA  a work  unit  number* 

1J662604AH97 

II  CONTKOLLINO  OrfICE  name  and  ADaNCII 

U.S.  Artsy  Ballistic  Research  Laboratoriee 
Aberdeen  Proving  Ground > MD 

It  RERORT  DATA 

DECEMBER  1975 

If  ^'-*BER  or  RAOEI 

9/ 

14.  hONITONiNO  AOENCY  name  I ADOREIVI/  dutfrml  fMh  CwMnllMI  Olfle*.) 

US  Army  Materiel  Coranand 
SOOl  Eisenhower  Avenue 
Alexandria,  VA  22333 

I*.  fSCURITV  CLAIS,  r«f  lAla  MRoni 

UKCIASSIFICD 

l|«.  OECLAItiriCATION/OOWNORAOINC 
tCNEOULR 

It  DIITRiguTiON  statement  fet  ilitM  Raamij 

Approved  for  public  release;  dietribution  unlimited. 

fl 

D D C 

j^rpfKifriinnq 

1 

1 

.lAKI  12  l9Tfi  i 

— U 

iiiMnifi 

1 

tt.  SU^PlCMCnTARY  ndtci 

folid  propellants.  Plane  retardants, 
t'lannability.  Hazard  reduction, 
extinguishment. 

Ignition, 

70.  aVITAACT  fC«nt*rwP  «n  mvtf  If  n«c««««rjr  ^ 

An  expe.rinental  inveatigation  to  obtain  jm  underetanding  of  how  chemical 
additives  (i.e.,  flame  inhibitors,  char  formers,  and  coolants)  intended  to 
reduce  the  likelihood  of  accidental  ignition  and  flammability  affect  :he  com- 
buation  of  high  energy  propellants  in  ambient  air.  Several  congK>site  propellant; 
were  made  more  rseistsnt  to  ignition.  However,  teet  results  for  high  energy 
propellants  revsalsd  that  (once  ignition  occurred)  the  continual  resupply  of 
I'eactants  (both  air  and  propellant  products)  overwhelms  the  contributions  of 

00  , 


rOKM 

JAN  n 


1473  COITION  or  t NOV  SS  II  OMOLCTI 

l/N  OIOI'OU’IIOI  I 


, UNgTASSiriED ^ ^ 

ICCilHlTV  CLAMiriCATlON  OC  TNIl  rADC  fMi«n  InlwX) 


UNOASSiriED 

n-iimty  CLA$ti^ic*Tiow  or  tmh  »*Qcr<rnn  dm»  towfXj 


20.  Abstract  - continuad 

tha  additlvaa  and  praventa  aalf-axtinguiahaant  in  aaibiant  air.  In  sooMi  cases 
alialnation  of  tha  oonvantlonal  axtarnal  flaM  resulted  in  amoldaring  which 
produced  axtraaaly  hazardoua, axploaiva  gaaaa.  The  investigation  revealed 
tha  following  encouraging  trends.  Several  low  energy  materiale  (i.e.»  impetus 
less  than  200,000  ft-lb/lb)  suitable  for  outer**layer  protective  coatings 
Sf^ar  to  be  proaiieing  with  reepect  to  their  ability  to  self-extinguish  and 
to  be  resistant  to  ignition  under  eunbiant  conditions.  Several  of  the 
moderately  high  energy  nitramine  compoeite  propellants  with  high  decomposi- 
tion temperature  binders  are  several  times  more  resistant  to  accidental 
ignition  then  conventional  propellants  and  are  easily  extinguished,  if 
ignited. 


T 

// 


litfCLASSIFIED 

StcueiTr  .;L*MiFie*Ti0K  or  th:i  e*atrwn«*  d«* 


FOREKORr' 


The  Technical  Monitor  for  this  program  was  Dr.  A.  W.  Barrovs  of  the 
Ballistic  Research  Laboratories.  During  the  course  of  the  study  the 
following  individuals  were  particularly  cooperative  in  arranging  for  test 
specimens  and  providing  advice:  M.  Visnov,  Frankfcrd  ,*irsenal ; E.  Costa, 

Picatinny  Arsenal;  R.  Reed,  J.  A.  Peterson,  and  E.  I,awton,  Wasatch 
Division,  Thiokol  Corp.;  R.  a.  Biddle,  Elkton  Division,  Thiokol  Corp.; 

G.  A.  Lo,  Rocketdyne  Division,  Rockwell  International:  c.  N.  Bernstein, 
Small  Arms  System  Agency;  and  A.  A.  Juhasz  and  J.  j.  Rocchio  of  the 
Ballistic  Research  Laboratories.  The  concept  of  a high  ignition 
temperature/self-extinguishing  propellant  (HIT/SEAP)  under  ambient 
conditions  was  defined  by  L.  Ambrosini  while  he  was  Director  of  the 
Small  Arms  System  Agency. 


■tfKgfCEt 

iUllMUriN 


t>ie  Swtiig  flf 

kff  iMai 

C 


IT 

. J.-'-'fl  >■*  « SfUur 


TABLE  OF  CONTENTS 


Page 


FOREV#ORD  iii 

TABLE  OF  CONTENTS  V 

LIST  OF  TABLE  CAPTIONS  vii 

LIST  OF  FIGURE  CAPTIONS  ix 

I . INTRODUCTION  1 

II.  CHEMICAL  APPROACHES  TO  REDUCING  FLAMMABILITy  3 

A.  Flame  Retardants  3 

B.  Char  Formers  5 

C.  Coolants  7 

III.  EXPERIMENTS  FOR  MEASURING  COMBUSTION  CHARACTERISTICS  10 

A.  Regulated  Atmosphere  10 

B.  Free  Convection  Effects  11 

C.  Steady  State  Burning  Rate  Measurements  12 

IV  EVALUATION  OF  ADDITIVES  13 

A.  Halogen  Additives  to  Reduce  Propellant  Flammability  13 

1.  Nitrocellulose  Propellants  13 

2.  AP  Composite  Propellants  15 

3.  HMX  Composite  Propellants  IS 

4.  Comments  on  the  Effectiveness  of  Halogen- 

Containing  Additives  15 

B.  Phosphorus  Additives  to  Reduce  Propellant  Flammability  17 

1.  Nitrocellulose  Propellants  17 

2.  AP  Composite  Propellants  19 

3.  HMX  Composite  Propellants  20 

4.  Comments  on  the  Effectiveness  of  Char  Formers  21 

C.  Coolants  as  Additives  to  Reduce  the  Propellant  Flammability  21 

1 . Nitrocellulose  Propellants  21 

2.  AP  Composite  Propellant  22 

3.  HMX  Composite  Propellant  23 

4.  Coiiments  on  the  Effectiveness  of  Coolants  23 


V 


Preceding  pege  blenk 


D.  Organometallic  Compounds 

E.  Enthalpy  and  Gas  Composition  Measurements  d'  (‘‘lolants 
and  Binders 

F.  Hazards  Associated  with  Smoldering  Prop«  ] hj  t.T 

V.  IGNITION  AFTEft  EXPOSURE  TO  FLAMES 

A.  Results  of  Flame  Tests 

B.  Effect  of  Low  Heating  Rate  on  Conditions  fr.r  dirition 
and  Self-Extinguishment 

VI.  CONCLUSIONS 
REFERENCES 
GLOSSARY 

TABLES 

FIGURES 

DISTRIBUTION  LIST 


LIST  OF  TABLE  CAPTIONS 


Control  Propellants 

Sumnary  of  Propellant  Foimulatlon  Other  Than  Control 
Propellants 

Stimary  of  Additives  Investigated  to  Reduce  Flammability 
of  Nitrocellulose  Propellants 

Sumnary  of  Additives  Investigated  to  Reduce  Flammability 
of  AP  Composite  Propellants 

Sumnary  of  Additives  Investigated  to  Reduce  Fleunmability 
of  hMX  ComxKJsite  Propellants 

Combustion  and  Decomposition  Temperatures  of  Propellants 
and  Propellant  Ingredients. 

Chemical  Analysis  of  Binders  and  Coolants 

Samples  Provided  by  Frankford  Arsenal  for  Flame 
Ignition  Tests 


Page 

38 

39 

40 

41 

42 

43 

44 

45 


LIST  OF  FIGURE  CAPTIONS 

Page 

Figure  1 The  processes  »rtiich  svgppress  propellant  burning  alf,o 
increase  ti'.e  concentration  of  atmospheric  O2  at  ^he 
reacting  surface  and  thereby  tend  to  defeat  self* 
extinguishment.  46 

Figure  2 Illustration  of  the  research  goal  of  shifting  the 

boundary’  for  eelf*extinguishment  beyond  the  ambient 
pressure  and  temperature  range  in  which  the  propellant 


will  be  ei^sed.  47 

Figure  3 Failure  to  sustain  coitbustion  resulting  from  char 

formation.  48 

Figure  4 Conditions  which  determine  whether  a coolant  will  be 

effective  in  reducing  propellant  flammability.  49 

Figure  5 Schematic  representation  illustrating  the  types  of 

laboratory  tests  used  to  measure  the  effectiveness  of 
f lamnability  reducing  modifications.  50 


Figure  6 Apparatus  to  meaeure  times  and  to  photograph  ignition 
and  self-extinguishment  processes  that  occur  during 
and  after  exposure  of  propellant  specimens  to  a 


calibrated  flame.  51 

Figure  7 Atmospheric  chamber  arranged  for  photographing  flame 

development  and  self-extinguishment.  52 

Figure  8 Cross-sectional  profiles  of  horizontal  cylinder 

burning  in  air.  53 

Figure  9 Transient  flame  development  around  horizontal 

cylinder  burning  in  air.  54 

Figure  10  Transient  flame  development  around  horizontal 

cylinder  burning  in  air.  55 

Figure  11  Transient  development  of  outer  boundary  of  dark  zone 

surrounding  burning  horizontal  cylinder.  56 

Figure  12  Transient  development  of  outer  boundary  of  flame  zone 

surrounding  burning  horizontal  cylinder.  57 

Figure  13  Drive  mechanism  for  advancing  propellant  to  obtain 

steady  etate  burning  rates  under  ambient  air  conditions.  58 


-ix- 

Preceding  pege  Uenk 


Figure  14  Photograph  of  chamber  for  conducting  experiments  under 
controlled  atmospheres  (prototype  for  meesuring  steedy 
state  burning  retee  ie  in  piece) . 59 

Figure  15  Burning  rete  vereus  pressure  of  nitrocellulose  propellant 
modified  with  ethylene  dibromide  showing  that  adding 
ethylene  dibromide  does  not  produce  a useful  self- 
extinguishfflsnt  point.  60 

Figure  16  Conq^arison  of  solid  end  liouid  helogsn  sdditives  shows 

thet  neither  are  effective  flammability  reducing  agents.  61 

Figure  17  Cotperison  of  the  effectiveness  of  a straight  chain  and 

ring  hslogen  shows  that  neither  are  effective  flammability 
reducing  sdditives. 

Figure  18  Comoerison  of  the  effect  of  substitrent  group  (i.e., 

hydroxyl)  on  ring  hslogen  shows  thet  modifying  the  ring 
halogen  is  not  effective  in  reducing  fleunmability.  63 

Figure  19  Burning  rete  versus  prsesure  of  AP/PBAA  composite 

propellant  modified  with  ethylene  dibromide  showing 
that  ethylene  dibromide  does  not  effect  the  burning 
rate  characteristics  in  the  low  pressure  range.  64 

Figure  20  Compar'son  of  liquid  and  solid  halogen  additives  shows 
thet  neither  is  effective  f launmability  reducing  agents 
in  AP  composite  propellants.  65 

Figure  21  Hslogen  additive  does  n c modify  mass  burning  behsvlor 
and  does  not  reduce  flammability  of  HMX  Conposits 
propel) ant.  66 

Figure  22  5%  phosphoric  acid  as  an  additive  does  not  reduce 

flammability.  67 

Flgurs  23  5 and  10%  ammonium  phosphate  [(NH4)2HPC4l  does  not 

appreciably  improve  flammability  limit.  68 

Figure  24  10%triphenyl  phosphate  is  not  effective  in  reducing 

flammability.  69 

Figure  25  10%  triphenylphosphonium  bromide  es  en  edditive  makes 

propellant  more  susceptible  to  burning  end  does  not 
reduce  flammability.  70 

Figure  26  Of  the  phosphorus  containing  compounds  added  to  AP 

composite  propellants  Phoschsk-30  is  the  most  effective 
in  reducing  burning  rate  but  none  of  the  additives  pro- 
duce an  appreciable  reduction  in  f laimnability.  71 


-X- 


Figxire  27  Pecrtts«  of  Ignitablllty  and  burning  rate  of  AP 
composite  with  increased  phosphate  loading. 

Figure  28  Effect  of  phosphorus  additives  on  HKX  composite 

propellant  nt'es  burning  rate  and  flasmbility  limits. 

Figiire  29  C<Hiqparison  of  urea  and  oxamide  as  coolants  in  reducing 
mass  burning  rate  (not  effective  in  reducing 
flannability) . 

Figure  30  Conqparison  of  coolants  used  in  AP  coo^site  propellants 
shows  that  NH4Br  is  the  most  effective  in  decreasing 
flamraability  and  greatly  reduces  burning  rate. 

figure  31  Coolants  in  HMX  con^site  propellant  produce  no 

significant  flammability  reduction  or  modification  of 
mass  burning  rate. 

Figure  32  Effect  of  additives  on  burning  rate  and  pressure  of 

deflagration  limit  in  N2  showing  that  oxamide  reduces 
burning  rate  by  20%. 

Figure  33  Measured  temperature  vs  distance  in  condensed  pnase 
and  flame  zone  showing  how  flammability  retarding 
additives  reduce  temperature  gradients  and  flame  zone 
tenperatures. 

Figure  34  Conparison  of  tetraphenyl  compounds  showing  that  they 
are  not  effective  in  reducing  the  flammability  of 
nitrocellulose  propellants. 

Fig\ire  35  Times  to  ignition  of  propellants  provided  by  Frankfo’'d 
Arsenal  (propellant  conposltions  simnarized  in  Table 
8). 

Figure  36  Effect  of  low  heating  rate  on  conditions  for  self- 
extingui shment . 


, JS'p 


m 


I . INTRODUCTION 

This  report  sunonarizes  an  investigation  of  chemical  means  of  reduc- 
ing the  flammability  and  the  likelihood  of  accidental  ignition  of  solid 
propellants  in  eunbient  air.  The  overall  goal  of  the  investigation  was  to 
develop  an  improved  understanding  of  the  mechanisms  bv  which  flame  retard- 
ing additives  could  reduce  flammability  (in  cunbient  air) . The  scope  of 
the  total  study  and  the  cri'^ria  for  successfully  reducing  flammability 
are  given  in  an  earlier  report.*  The  results  of  the  investigation  have 
utility  in  rationalizing  the  choice  of  propellant  formulations,  charge 
configuration,  process  techniques,  and  special  additives  to  reduce 
flammability. 

This  report,  along  with  a previous  report,^  were  part  of  a broadly 
based  U.S.  Army  effort  to  develop  high  energy  propellants  to  meet  the 
following  requirements : 

The  propellant  shall  resist  ig:ixtion,  shall  self-extinguish 
following  removal  of  the  igniticn  stimulus,  shall  have  good 
ballistic  and  physical  properties,  and  shall  burn  readily 
at  elevated  pressures  in  combustion  chamber  conditions. 

The  desired  characteristics  of  these  propellants  have  been  summarized 
by  the  designation  HIT/SEAP,  i.e.,  high  ignition  tempera*"’'*:e/self- 
extinguishi ng  at  atmospheric  pressure. 

In  the  studies  at  Princeton  University,  the  emphasis  was  on  under- 
standing the  combustion  proc.  'sses  and  not  on  developing  propellcmts. 
Several  organizations  and  laboratories  were  given  contracts  specifically 

aimed  at  developing  propellants  resistant  to  accidental  ignition  and 

2*6 

to  sustained  combustion  under  atmospheric  conditions. 

Propellants  burning  in  ambient  air  are  depicted  in  Fig.  1,  which 
shows  the  interaction  between  the  combustion  products  which  evolve  at 
the  burning  surface  and  the  cunbient  air.  When  burning  is  vigorous  and 
the  momentum  of  the  gases  leaving  the  burning  surface  is  relatively  high, 
the  diffusion  flame  between  the  products  of  the  self-flame  and  the  ambient 
air  is  only  loosely  coi^led  to  the  reactions  at  the  propellant  surface 


*Por  continuity  and  completeness  purposes,  there  is  a slight  overlap 
between  this  report  and  Ref.  1. 
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(Me  Fig.  la),  in  that  caae#  sven  though  tha  raactlone  with  air  greatly 
increase  the  flame  temperature,  the  diffusion  flame  ie  too  far  from  the 
surface  to  increase  greatly  the  teiqperature  gradient  at  the  eurface.  Mod- 

ifiC'fttione  which  reduce  the  propellant  burning  rate  (under  ambient  condi-  | 

1 

tlons)  also  reduce  the  blowing  rate  at  the  surface  and,  thereby,  permit 
the  propellant  producte/air  diffusion  flame  to  move  arbitrarily  cloee  to  { 

the  reacting  eurface.  Indeed,  ae  shown  in  Fig.  lb,  when  the  burning  rate  ■ j 

ie  eufficiently  low,  oxygen  in  the  ambient  air  diffuses  through  the  flame  I 

zone  to  the  propellant  surface  and  accelerates  the  surface  reactione.  . ! 

! 

Figure  lb  illustrates  a very  important  realization  in  the  search  for  low  ; 

i 

flammability  propellants,  i.e.,  the  very  modifications  that  tend  to  de- 
crease the  intensity  of  the  eelf-flame  increase  the  relative  heat  feedback 
contribution  of  the  propellant  producte/air  diffusion  flame. 

Figure  2 illuetratee  echematically  the  eelf-extingulehment  require- 
ment that  ie  deeired  of  low  flammability  propellants.  The  sketches 
show  the  pressure  and  temperature  domain  in  which  the  propellants  are 
intended  to  operate  along  with  the  boundary  for  self-extinguishment, 
following  removal  of  the  ignition  stimulus.  The  upper  sketch  represents 
the  situation  of  all  of  the  conventional  high  energy  propellants  which 
are  in  use  presently,  i.e.,  the  propellant  will  not  eelf-extinguieh  within 
the  major  portion  of  the  operating  domain.  The  lower  eketch  ehowe  the 
deeired  situation  of  a propellant  whose  boundary  for  self-extinguishment 
is  totally  above  the  pressure  and  temperature  domain.  As  indicated  in 
the  sketches,  increasing  pressure  and  temperature  makes  self-extinguish- 
ment leee  likely.  Accordingly,  throughout  thie  report  interest  ie 
focused  on  propellant  modifications  which  tend  to  shift  the  eelf-extin- 
guishment  boundary  to  the  higher  ambient  pressures  and  temperatures. 
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II.  CHEMICAL  APPROACHES  TO  REDUCING  FLAMMABILITY 

l^ie  reduction  of  flamnability  achieved  by  adding  flame  retardants  has 
numerous  practical  and  commercial  applications.  In  the  case  of  textiles 
and  plastics,  an  extensive  technology  has  been  developed  through  which  a 
wide  range  of  chemically  distinct  additives  can  be  utilized  to  retard 
flammability  while  other  desirable  properties  are  retained.  There  is 
broad  experience  on  which  to  relate  retardant  characteristics  such  as 
elemental  composition,  chemical  structure,  and  degree  of  loading  to  the 
reduction  of  flammability.  While  the  successes  of  applied  chemistry  in 
flame  retardance  are  clearly  apparent,  it  has  become  increasingly  important, 
as  requirements  for  reducing  the  flammability  of  combustible  materials 
become  more  stringent,  to  develop  a better  understanding  of  the  mechanisms 
by  which  flame  retardants  function. 

The  initial  efforts  to  reduce  the  flammability  of  propellants  have 
centered  on  approaches  that  have  been  applied  successfully  to  reduce  the 
flammability  of  plastics  and  polymers.  From  that  experimental  data  base, 
the  following  have  been  shown  to  be  useful  and  practical:  (1)  flame  in- 

hibitors  (additives  containing  halogen  atoms)  which  decompose  to  yield 
species  which  suppress  the  gas  phase  reactions  near  the  burning  surface, 

(2)  compounds  vAtich  promote  the  formation  of  carbonaceous  surface  layers 
that  block  heat  feedback  from  the  flame  and  the  diffusion  of  atmospheric 
oxygen  to  the  surface,  and  (3)  coolants  which  absorb  large  amounts  of 
energy  near  the  burning  surface. 

It  is  recognized  that  the  inhibition  of  flames  can  more  effectively 
be  achieved  by  chemical  rather  than  physical  means.  However  in  practical 
fire  retardance  situations,  both  physical  and  chemical  constraints  operate. 
For  example,  advances  in  flammability  reduction  can  be  negated  if  the 
propellant  is  subjected  to  extreme  heating  conditions  or  to  unusual  con- 
vective burning  situations. 

A . Flame  Retardants 

A hypothesized  flame  retardant  mechanism  for  halogen  compounds  is 
flame  inhibition  action  by  means  of  radical  trapping  in  the  vapor  phase. ^ 
The  additive  decomposes  near  the  burning  surface  and  forms  free  radicals 
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in  the  flame.  Oxidation  in  the  vapor  phase  is  a process  involving  free 
radicals,  e.g.,  H*,  OH*,  0*,  and  HO^*.  The  flame  retarding  action 
of  the  halogen  additive  is  attributed  to  the  ability  of  the  added  sub- 
stance to  trap  these  radicals , Reactions  of  bromine  compounds  are  a 
good  example  of  this; 

RBr  + H*  -*■  HBr  + R* 

For  flame  inhibition  to  occur,  the  generated  species  R*  must  be  a less 
active  radical  than  H*  which  is  to  be  removed.  In  general,  H*,  OH*, 
and  the  like,  will  be  the  most  active  species  and  their  removal  should 
greatly  retard  the  flame  zone  reactions. 

In  a hydrocarbon/air  Clame,  halogens  act  as  acceptors  of  free  radi- 
cals and  as  inhibitors  of  combustion  of  CO.  The  most  important  reactions 
are  probably: 

OH*  + CO  -»•  COj  + H*  (A)  exothermic 

H*  + Oj  -*■  OH*  + 0*  (B)  chain  branching 

Hydrogen  is  formed  in  reaction  (A)  and  used  in  reaction  (B) . The  OH* 
radical  is  formed  in  reaction  (B)  and  used  in  reaction  (A) . A chain 
reaction  is  thereby  initiated;  attempts  can  be  made  to  interrupt  it  by 
reducing  the  concentration  of  H*  and  OH*.  Halogens,  especially 
bromine,  can  play  a part  in  this  interruption.  Hydrobromic  acid,  from 
bromine  compounds,  interacts  with  the  highly  reactive  OH*  radical  and 
give  rise  to  the  following  reactions; 

OH*  + HBr  -*■  HjO  + Br*  (C)  inhibition 

Br*  + RH  -►  HBr  R*  (D)  regeneration 

RH  is  an  organic  compound  containing  hydrogen.  The  practical  result  is 
that  OH*  is  replaced  by  a less  active  species  Br*  or  R*  and  the 
chain  reaction  ceases  as  a consequence.  Since  the  bond  strength  of 
HBr  is  less  than  that  of  HCl  (86  vs  102  kcal/mole)  reaction  (C)  would 
progress  more  slowly  with  HCl.  This  observation  explains  why  brr mine  is 
usually  a more  effective  flame  retardant  than  chlorine,  a fact  which  is 
clearly  confirmed  by  fire  retardants  added  to  commercial  plastics. 

To  be  an  effective  flame  retardant  in  a propellant  formulations,  the 
halogen  additive  must  be  added  as  a solid  and  decompose  at  the  burning 
surface.  Experience  has  shown  that  liquid  additives  cannot  be  easily 
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rstaina'i  in  the  propellant.  Particular  attantion  must  be  given  to  inaure 
that  volid  additive*  decooqpose  readily  at  tha  surface  to  form  the  active 
spsciae  necessary  for  flame  inhibition,  lha  structure  of  the  additive 
influences  the  ease  with  which  it  decomposes  and  the  specie^)  it  yields. 

An  affective  flame  inhibitor  most  likely  will  have  its  predominant 
affect  in  the  thin  flame  zona  near  the  burning  surface  of  ths  propellant 
where  the  reactive  species  can  ba  neutralized  more  affectively. 

B.  Char  Fcrmer* 

Several  phosphorus  containing  compounds  have  baen  identified  as  pro- 
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moting  char  layers.  As  the  parent  material  burns ^ these  phosphorus  com- 
r^unds  react  to  yield  lon^  chain  carbon  ccmipounds  and  eventually  a char 
layer.  As  this  char  layer  develops,  one  hypothesis  (illustrated  in  Fig. 

3 } is  that  it  partially  insulates  tha  surface  from  heat  feedback  from 
the  flame  and  isolates  the  surface  reaction  zone  from  atmospheric  oxygen. 
After  the  ignition  stimulus  is  removed  and  the  burning  rate  adjusts, 
flame  inhibition  stretches  out  the  self  ■’flams.  During  the  early  stages 
of  burning,  the  char  layer  begins  to  insulate  the  surface  from  the  diffusion 
flame.  If  char  formation  is  successful  as  a fir.?  retardant,  heat  feedback 
from  tne  air/propellant  products  flame  to  the  propellant  surface  should 
become  progressively  weaker  until  the  affects  of  ambient  air  become  un- 
important (Fig.  3c). 

It  is  )cnown  that  most  organo-phosphorus  compounds  are  effective 
flame  retardants  tdiile  non-volatile  phosphorus  salts  of  metals  are  not. 

Tha  phosphorus  con^unds  tend  to  create  more  char  and  less  flammable 
volatiles.  Ths  important  element  is  the  production  of  an  acid  that  is 
difficult  to  volatize.  Substances  that  give  rise  to  acid  fragments  on 
heating  appear  to  havs  the  desired  affect  when  used  in  ccxmercial  plastics. 
Phosphoric  acid  has  a high  boiling  point  (130  - 200  C)  and  therefore 
remains  in  the  solid  or  liquid  phases  sufficiently  long  to  function  as 
a char  former.  Indeed,  after  burning  a substance  treated  with  a phosphor- 
us compound,  a sticky  viscous  liquid  is  usually  found  which  is  polymeric 
acid  containing  phosphorus. 
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A specific  mechanism  for  char  formation  has  not  been  well  established 
and  investigators  have  postulated  mechanisms  that  differ  depending  upon 
the  parent  material  and  the  phosphorus  compound  added.  One  particular 
mechanism  of  char  formation  suggests  an  initial  decomposition  of  the 
parent  material  and  molecular  rearrangements  catalyzed  by  acids.  The 
initial  decomposition  products  must  then  decompose  to  volatile  fragments 
or  react  further  to  produce  char.  The  char  presumably  is  highly  cross- 
linked  and  reduced  to  almost  pure  carbon. 

Phosphorus  can  have  several  oxidation  states  varying  from  +5  to  -3 
and  there  seems  to  be  some  relation  between  fire  retardance  and  the 


phosphorus  oxidation  state.  The  stability  of  organo-phosphorus  compounds 
increases  from  phosphates  and  phosphites  to  phosphonates  to  phosphine 
oxide. 

The  phosphorus  additive  may  react  with  the  propellant  binder  during 
the  curing  process  or  at  the  burning  surface.  Processing  of  the  poly- 
mer with  nitrogen  compounds  has  shown  that  the  esterification  reaction 
of  the  phosphate  compound  with  the  hydroxyl  group  of  the  binder  takes 
place  smoothly  and  rapidly.^ 

f f 

R-OH  + HO-P-(OH).  + (NH.)^CO  ^ R-0-P-(0H}_  + 2NH,  + CO, 
^22  232 

where  R is  some  molecule  with  an  available  hydroxyl  group,  e.g.,  cellu- 
lose. The  urea  probably  fui.ctions  as  a dehydrating  agent  promoting  the 
phosphorylation  of  the  hydroxy-material . 

Consider  the  PBAA-EPON  s/stem  that  serves  as  the  binder  in  some 
composite  propellants, 


Cure  Reaction  of  PBAA-EPON  System 


Epoxy -Carbonyl  Bond  Hydroxyl  group 

where  M and  N indicate  repeating  units. 
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Phosphorylation  of  the  binder  probably  takes  place  at  a hydrox: 1 group 
from  the  epoxide  added  as  tha  curing  agent  in  the  cure  reaction.  Tha 
extent  of  phosphorylation  will  depend  upon  the  number  of  available  hydroxyl 
groups  in  the  propellant  binder. 

Phosphorus  additivas  also  function  through  frea  radical  reactions  with 
propellant  dacompoeition  products.  Probable  reactions  leading  to  inhibi- 
tion in  fl^uRes  containing  pJ  osphorus  are  as  follows,*^ 

RjPO  -»■  PO*  ,P-  ,and 

"*■  M HPO»  + M whare  M is  some  ttiird  body  (nonreactiva 

OH*+  HPO*+  0*  molecule) 

HPO*  + H*  -»•  + PO* 

Other  likely  reactions  are; 

+ 0*  P«  + PO* 
p.+  OH*-^  PO  + H* 

In  H atom  racombination  reactions,  tha  main  species  are  P^,  P0*,and 
PO*  with  lesser  amounts  of  P*,HP0*,  and  PB.  The  species  HPO*  is 
readily  observad  in  flames  by  its  characteristic  green  cherailuminescenca. 

An  additional  affect  by  the  phosphorus  compounds  considers  tha  forraation 
radicals  which  may  act  as  flame  inhibitors  in  a manner  similar 
to  that  of  tha  halogen  additives. 

C.  Coolants 

To  realiza  fully  tha  flammability  reducing  capacity  of  a particulate 
coolant  added  to  a propellant,  the  coolant  must  endotharmically  decompose 
before  it  leaves  the  surface  of  the  matrix  propellant.  The  following  are 
axamplas  of  compounds  which  can  be  coneidarad  as  coolants  whan  added  to 
propellants: 


Oxamide  C_H.N_0_  M 

Z H £ £ W 

“”2  * ||  - if  - ""2 
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Ammonium  Oxalata 


M » 124 
w 


NH.O 

4 


11*1? 

0 0 


ONH, 


Hydroxylammonium  Oxalate  C H^N  0 

2 8 2 6 

I? 

0 
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HCWjNO  - 


“ C - ONH  OH 
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Figure  < illustrates  two  situations:  (a)  the  undesirable  situation  ot 

a coolant  decomposing  after  it  leaves  the  propellant  surface,  and  (b) 
the  desirable  situation  of  a coolant  endothermically  decomposing  at 
the  propellant  surface.  The  difference  between  the  surface  temperatures 
of  the  matrix  propellant  and  the  decomposition  of  the  coolant  is  the 
important  consideration  in  terms  of  the  above  premise,  ''•le  temperature 
of  decomposition  at  slow  heating  rates  is  a secondary  ..consideration 
since  the  low  temperature  decompositions  that  occur  during  slow  heating 
are  not  indicative  of  the  higher  condensed  phase  temperatures  that  accom- 
pany rapid  ig-  iion  and  self-sustaining  combustion.  As  the  coolant  i ?- 
composes  e.idccnermically  it  may  lower  the  temperature  of  the  flame,  ar 
in  addition,  it  may  evolve  large  volumes  of  slow  reacting  gases  which 
dilute  the  oxygen  sipply  near  the  burning  surface  of  the  propellant. 

Small  particles  formed  from  the  decomposition  of  the  coolant  may  also 
8,9 

innibit  the  flame. 

Two  of  the  proposed  mechanisms  by  which  coolants  retard  flame  are 
summarized  as  follows.  The  first  relies  on  a heterogeneous  mechanism 
such  as  radical  recombination  on  a particle  surface, 

R*+  M RM  RM  + Ri  -*■  RR'  ■'  n 

where  M is  the  colliding  solid  and  the  inhibitor  and  R*  {the  reactive 
species  and  chain  carrier)  is  temporarily  absorbed  on  the  surface  of  M 
and  is  prepared  for  easy  rcacticn  with  another  radical  R*,  the  excess 
of  the  liberated  energy  being  transferre  . to  the  inhibitor  M.  Thus, 

M acts  as  a coolant.  The  second  reli.s  on  a homogeneous  mechanirm 
involving  at  least  partial  volatilization  of  the  small  particles,  pro- 
ducing  some  gaseous  inhibiting  spe  .ies  such  as  K,  K , or  KOH  which 
react  with  the  active  chain  spe'-.es.  It  is  proposed  that  the  gaseous 
KOH  remove''  H and  OH  radicals  via 

KOH  + H*->  + K and  KOH  + OH*  ► 15.0  + KO. 

Volatile  a) kali  me*al  salts  acting  as  coolants  may  be  effective  in 
reducing  flaiiwiability  Their  effectiveness  depends  on 

(1)  the  increase  in  surface  area  accompanying  the  reaction. 

Solid  ;i)  + Sol  id  {ID  + gas  and 
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(2)  th«  particle  size  and  burning  rates  %diich  determine  a residence 
time  in  the  flame  sufficient  to  allow  the  decomposition  of  the 
original  solid  within  the  flame  front. 

Inhibition  is  considered  to  occur  via  a homogeneous  mechanism,  involving 
the  volatilisation  and/or  reaction  of  the  initially  formed  submicron 
particles  to  provide  gaseoue  hydroxide  as  the  inhibiting  species.  Xn 
order  that  the  generation  of  aklali  oxide  or  hydroxide  may  be  facilitated, 
the  anion  associated  with  the  alkali  metal  should  be  of  low  acid  strength 
(i.e.,  oxide,  carbonate,  chloride,  and  phosphate) . The  effectiveness 
of  the  coolant  depends  upon  the  ability  of  the  alkali  salt  to  pyrolyze 
to  give  the  alkali  hydroxide  and  the  resulting  removal  of  chain  branch*- 
ing  radicals. 


111.  EXPERIMENTS  FOR  MEASURING  COMBUSTION  CIURACTERISTICS 


In  this  report,  referencee  will  be  made  to  four  typee  of  experiments 

which  were  used  to  measure  the  effectiveness  of  flammability-reducing 

modifications.  Theee  experimente  as  illustrated  in  Fig.  5 arej  (1) 

forced  convection  using  a calibrated  acetylene  flame  (shown  in  Fig.  6), 

(2)  conductive  heating  using  an  electrically  heated  copper  plate  (experi- 

X X 

ments  carried  out  at  BRL'^  ),  (3)  radiation  ueing  a quartr/tungsten  lamp 

2 

(heat  flux  up  to  10  cal/sec-cm  ),  and  (4)  sus*"  . ' ne'’  burning  in  a con- 
trolled atmosphere. 

A.  Regulated  Atmosphere 

As  part  of  thie  study  a combustion  chamber  for  conducting  experiments 
under  a range  of  atmospheric  conditions  was  developed.  Figure  7 ehews 
the  chamber  arranged  for  photographic  measurements.  The  features  of  the 
combustion  chamber  and  its  associated  equipment  include; 

(1)  Pressure  can  be  regulated  from  1.0  atm  to  0.05  atm. 

(2)  Tests  can  be  conducted  in  gases  other  than  air. 

(3)  Gas  flow  can  be  metered  into  the  chamber  to  maintain 
the  oxygen  concentration  to  within  prescribed  limits. 

Circulation  currents  in  the  chamber  are  minimized  by 
passing  the  gas  entering  the  chamber  through  a porous 
plate  (12  cm  in  dia)  located  in  the  base  of  the  chamber 
and  by  exhausting  gases  through  large  ducts  at  the  top 
of  the  chamber. 

(4)  The  dimensions  of  the  chamber  are:  ID  = 26  cm, 

height  = 53  cm,  volume  = 28,000  cm^. 

(5)  Four  windows  (three  are  Pyrex  and  one  is  quartz) , 12  cm  in  dia, 
are  provided  for  viewing  and  photographing  flames. 

(6)  Rapid  depressurization  of  the  chamber  can  be  achieved  by 
actuating  the  quick  opening  valve  that  connects  the  combustion 
chamber  to  a large,  evacuated  surge  tank. 

Three  types  of  ignition  sources  have  been  used  with  the  combustion 

chamber:  radiative  (quartz/ tungsten  lamp  capable  of  fluxes  up  to  7 

2 

cal/cm  -sec)  conductive  (electrically  heated  wires),  and  flames  (e.g., 
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oxygen/CH^  gas  torch),  in  several  of  tha  test  series,  the  onset  of  flame 
eind  salf-extinguishment  of  tha  fltuse  was  detected  by  changes  in  the  ioniza 
tion  of  tha  gases  between  two  Mo  probes. 

The  fourth  experiment  in  Fig.  5 turned  out  to  be  the  most  effective 
means  of  assessing  flajtmnability  reducing  siethods.  The  experiment  was  used 
to  measure  burning  rate  as  a function  of  pressure  and  to  detarmine  the 
pressure  below  which  ignited  propellant  will  self-extinguish.  All 
of  tha  axperioental  propellants  could  be  ignited  (at  least  temporarily) 
by  creating  a local  hot  spot.  Thus  a measure  of  success  of  a flammabil* 
ity- reducing  method  is  that  it  increased  p„ . If  p^,  can  be  made 
greater  than  one  atmosphere,  then  the  propellant  satisfies  one  of  the 
major  criteria  (see  Ref.  1).  Tha  tests  were  carried  out  in  the  specially 
fabricated  chamber  which  maintains  a prescribed  air  pressure  and  intro- 
duces fresh  air  to  prevent  oxygon  depletion  during  the  t€St.  The  pro- 
pellant sj.  ples  were  0.G35  cm  cubes  mounted  on  a needle  so  as  to  l>e 
exposed  on  all  sides.  Ignition  of  the  sample  was  achieved  by  a carefully 
controlled  pyrogen-type  Igniter  which  engulfs  the  entire  sample  in  flame. 
In  this  report,  mass  burning  rates  (i.c.,  the  average  mass  consumption 
rate  of  the  cube)  are  reported  since  they  are  more  repeatable  than  the 
linear  burning  rate  data. 

B.  Fraa  Convection  Effects 

Several  series  of  color  photographs  of  the  ignition  and  flame  develop 
ment  sequences  were  taken  using  the  arrangement  shown  in  Fig.  7.  A motor- 
ized (up  to  4 frames/sec)  35  mb.  c^u&era  was  used  to  obtain  high  resolution 
photographs  from  which  measurements  of  the  flame  structure  were  made. 
Figures  8 through  12  illustrate  the  type  of  flame  structure  information 
that  is  readily  obtained  from  the  film  sequences.  As  shown  in  Fig.  8, 
burning  rate  in  air  is  strongly  dependent  on  orientation  of  the  propellant 
The  burning  rate  on  the  bottom  of  the  cylinder  is  several  times  greater 
than  the  burning  rate  on  the  top.  Observations  such  as  this  support  the 
conclusion  that  the  most  severe  situation  for  extinguishment  is  burning 
on  the  leading  edge  (in  the  case  of  Fig.  8,  the  bottom  of  the  cylinder) . 
Figures  9 and  10  reveal  that  the  flames  on  the  )x>ttom  of  the  horizontal 


cylinder  tend  to  be  the  most  uniform  with  time.  The  results  of  Figs.  9 
and  10  tend  to  support  the  assumption  used  in  flame  models  of  one- 
dimensional  (normal  to  the  bottom  surface)  flames  and  quasi-steady  flame 
zone  thicknesses.  Figures  11  and  12  show  the  outlines  of  the  flames  sur- 
rounding the  entire  cylinder  and  show  the  origin  of  the  thickness  versus 
time  plots  of  Figs.  9 and  10.  The  differences  between  the  flame  structures 
of  propellant  TCC/W-5  (see  Table  2 for  formulation)  without  flame  retard- 
ants is  striking. 

C.  Steady  State  Burning  Rate  Measurements 

Obtaining  steady  state  burning  rate  data  in  air  requires  a technique 
for  holding  the  characteristic  length  and  natural  convection  influences 
constant  to  produce  a steady  environment.  Figure  13a  is  a schematic 
drawing  of  an  apparatus  which  was  fabricated  to  obtain  burning  rate  data 
in  air.  The  propellant  sample  is  positioned  by  an  adjustable  speed  drive 
device  so  that  tne  burning  surface  remains  in  a constant  position  with 
respect  to  a surface  of  prescribed  geometry.  In  this  manner,  we  had 
hoped  to  maintain  control  over  the  natural  convection  effects.  The  pro- 
pellant is  temperature  conditioned  after  it  is  placed  in  the  sample 
holder.  The  material  surrounding  the  sample  has  sufficient  heat  capacity 
tliat  the  sample  remained  at  a nearly  constant  temperature  during  the  10 
to  20  sec  test  period.  Fig.  I3b  is  a photograph  of  a prototype  version 
of  the  propellant  advancing  mechanism.  The  1.2  cm  diameter  propellant 
sample  can  be  seen  protruding  from  the  lower  portion  of  the  sample  holder. 
The  photograph  in  Fig.  14  shows  the  propellant  advancing  system  mounted 
in  the  previously  described  atmospheric  chamber. 

In  practice,  we  were  not  able  to  obtain  steady  state  burning  data 
since  the  burning  was  inherently  multi-dimensior.al.  For  example,  in  the 
downward  orientation,  atmospheric  oxygen  increased  the  burning  rate  more 
on  the  outer  periphery  of  the  cylinder  than  at  the  center.  Thus,  as  the 

cylindrical  test  specimen  burned,  a conical  surface  evolved  which  pre- 

cluded the  determination  of  a simple  one-dimensional  burning  rate.  This 
was  another  indication  of  the  importance  of  free  convection  and  diffusion 

of  air.  We  included  this  description  of  an  unsuccessful  instrument  to 

alert  future  investigators  of  the  inherent  problems  with  this  type  of 
measurement. 
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IV.  EVALUATION  0^’  ADDITIVES 


The  evaluation  of  the  three  types  of  additives  was  carried  out 
using  control  propellants  which  represent  three  major  classes  of  pro- 
pellants. As  shown  in  Table  1,  the  control  propellants  were:  (1)  a 

well  characterized  NC/MTN  double  base  propellant  which  has  properties  that 
are  very  similar  to  operational  NC/NG  propellants,  (2)  an  AP  composite 
propellant  which  has  been  used  in  a wide  variety  of  previous  studies, 
and  (3)  an  HMX/PU  composite  propellant  which  is  known  to  resist  acciden- 
tal ignition.  It  is  recognized  that  AP  composite  propellants  are 
unsuitable  for  9un  application  because  of  their  very  corrosive  combus- 
tion products.  He 'fever,  one  was  selected  for  these  studies  because 
its  diffusion  flame  type  of  combustion  differs  greatly  from  the 
premixed  flame  of  conventional  nitrocellulose  propellemts  and,  thus, 
may  yield  additional  insights  into  the  effects  of  candidate  flammability 
reducing  additives.  Other  compositions  used  in  the  study  are 
listed  in  Table  2.  Toward  the  end  of  this  study,  an  additional  series 
of  propellants  were  provided  by  Frankfjrd  Arsenal.  This  series  of 
propellant  will  be  treated  separately  in  Section  V. 

The  additives  which  were  used  in  each  of  the  propellant  types  man- 
ufactured at  Princeton  are  summarized  in  Tables  3,  4,  and  5. 

A.  Halogen  Additives  to  Reduce  Propellant  Flammability 

Various  halogen  additives  were  incorporated  intp  nitrocellulose, 

AP  composite,  and  HMX  con^site  propellants,  and  their  burning  behavior 
studied.  The  formulations  of  the  three  control  propellants  are  giver, 
in  Table  1.  The  basis  for  selecting  halogens  is  given  in  Section  ZIZ.A.  of 
this  report. 

1.  Nitarocellulose  Propellants 

Ser.  (1)  Ethylene  dibromide  — This  compound  has  been  used 
successfully  as  a fire  retardant  for  commercial  plastics.  Zt  is  a liquid 
with  a boiling  point  of  132  C.  Apparently  during  the  propellant  curing 
process  an  appreciable  amount  of  this  compound  volatilized  and  the 
cured  formulation  had  somewhat  less  than  the  intended  amo-'int  of  eulditive. 
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Figure  15,  a plot  of  mass  burning  rate  vs  pressure,  reveals  that  adding 
3 and  7%  of  this  halogen  compound  does  not  produce  a useful  self-extin- 
guishment  point. 

Ser.  (2)  Tetrabroirtoethylene  — To  eliminate  the  possi- 

bility '-hat  the  additive  volatilized  during  cure,  this  compound  was  used. 

It  is  a solid  and  has  a melting  point  of  57  C and  a boiling  point  of 
227  C.  Thus,  during  curing  of  the  propellant,  the  additive  should  remain 
incorporated  into  the  mixture.  A 10%  addition  of  tetrabromoethylene  did 
not  produce  any  important  differences  in  the  mass  burning  rate  vs  pressure 
(see  Fig.  16),  The  corresponding  movement  of  the  point  of  self-extinguish- 
ment from  less  than  0.1  atm  to  about  0.15  is  not  encouraging  in  view  of 
the  goal  of  i.i  atm. 

It  was  also  of  Interest  ’etermine  whether  there  is  any  affect 
caused  by  the  structure  of  the  halogen  additive.  With  this  in  mind  the 
following  additives  were  blended  witn  the  control  nitrocellulose  propellant. 

Ser,  (3)  1,2, 4, 5 tetrabromobenzene  (CgH^Br^)  — This  compound 
is  a solid  with  a ring  structure  and  a melting  point  of  180  C.  A 10% 
addition  of  this  compound  did  not  produce  any  significant  changes  in  the 
mass  burning  rate  vs  pressure  and  point  of  self-extinguishment.  Fig.  17. 

Two  other  ring  structure  compounds  were  tried  as  additives. 

These  compounds  contain  substitutents  (i.e.,  - OH,  - NH^)  which  can 
modify  the  strength  of  the  halogen  bond  to  the  ring  through  electronic 
effects.  For  example,  the  group  may  modify  the  bromine-carbon  bond 
strength  making  it  stronger  c’'  weaker  depending  upon  the  particular 
electronic  effect  of  the  modifying  group.  If  the  bromi:  ;-carbon  bond 
is  made  weaker,  then  bromine  radicals  can  be  formed  more  easily. 

Ser.  (4)  2,4,6  tribromophenol  (C-H,0Br,)  — A solid  with  a 

melting  point  of  120  C.  At  10%,  this  additive  did  not  change  significantly 
the  mass  burning  rate  vs  pressure  of  the  nitrocellulose  propellant.  Fig. 

18. 

Ser.  (5)  2,4,6  tribromoanaline  (CgH^Br^N)  — At  the  10%  level, 

this  additive  caused  the  propellant  to  become  very  soft  and  unsuitable 
for  testing. 
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2.  AP  Composite  Propellants 

Ser.  (6)  Ethylene  dlbromide  --  As  in  the  case  of  the  nitro- 
cellulose propellant,  appreciable  eunounta  of  this  additive  volatilized 
during  curing,  and  the  cured  formulation  did  not  have  the  same  composi- 
tion as  the  intended  formulation.  Figure  19,  a plot  of  the  mass  burning 
rate  vs  pressure,  shows  no  detectable  difference  in  the  burning  rates  of 
the  control  propellant  without  additive  and  with  1,3,  and  7%  of  the 
halogen  compound  added. 

Ser.  (7)  2,4,6  tribromoanalir i,  and 

Ser.  (8)  1,2, 4, 5 tetrabromobenzene  were  incorporated  into  the 
propellant  as  additives.  The  2,4,6  tribromoanaline  at  1%  addition 
softened  the  propellent  significantly  to  the  extent  that  it  was  unsuit- 
able for  testing.  A 10%  addition  of  1,2, 4, 5 tetrabromobenzene  to  the 
propellant  did  not  produce  either  a significant  change  in  the  mass  burning 
rate  vs  pressure  or  an  in^rovement  in  flammability  limit  (see  Fig.  20) . 

3.  HMX  Composite  Propellants 

Ser.  (9)  Tetrabromo  ethylene  (C^Br^)  was  incorporated  into  the 
control  HMX  composite  propellant  to  the  extent  of  10%.  This  additive  did 
not  produce  a significant  reduction  in  flammability  or  modification  in 
burning  rate  (see  Fig.  21). 

4.  Comments  on  the  Effectiveness  of  Halogen-Containing  Additives 

The  results  of  the  experiments  show  that  once  the  propellants 
are  ignited  they  will  continue  to  burn  and  that  the  halogen  additives  are 
not  effective  in  quenching  the  flaune  zone  reactions  that  sustain  r^mbus- 
tion.  If  a halogen-containing  additive  is  to  be  effective  in  reducing 
flammability,  it  must  be  broken  down  to  form  active  radicals  which  can 
then  react  with  the  species  which  would  ordinarily  sustain  the  combustion 
process.  Fvirthermore,  if  flame  inhibition  is  to  be  achieved,  the  active 
radicals  must  result  in  a substantial  modification  of  the  chemical  reac- 
tions taking  place  in  the  zones  near  the  burning  surface  and,  perhaps, 
those  on  and  just  below  the  surface.  All  of  this  must  take  place  in  an 
environment  in  which  the  flame  retarding  intermediate  products  are  rapidly 
swept  away  by  the  continual  flow  of  gaseous  products. 
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As  an  example f consider  the  mechanism  proposed  for  the  burning  of 
nitrocellulose  based  propellants  (see  review  in  Ref.  12); 

(1)  Subsurface  reaction  and  reaction  at  the  burning  surface 

R - CSJ02  NOj  + R"  - CHO  species 
rNC,  fH,co,  o::-CHo,' 

^ MO  ^ ^ ^ 

ShcOOH,  etc.  ’ 

. 

(2)  Reactions  at  the  surface  and  in  the  fizz  zone 

NO*  + R''  - CHO  NO  + C-H-0  species 

2 f \ f ^ 


H^CO^CH^CHO, 
HCOOH,  etc. 


CO,C02»CH^, 

etc. 


\ (3)  Reactions  in  the  dark  zone 

I NO  + C-H-o  species  •*  co^,  co,  h^o,  etc. 

r 

I (4)  Reactions  in  the  luminous  flame  zone 

[.  NO  + C-H-0  species  -*■  N^f  C02»  CO,  H2O,  etc. 

i Once  the  halogen  additive  decomposes  at  the  burning  surface,  free  radi- 

; cals  are  formed  which  can  undergo  reaction  with  species  in  the  propellant 

I 

I fleune.  In  this  case  the  most  likely  reactive  intermediate  species  are 

I NO2  and  NO.  However,  the  reactions  of  these  critical  molecules  in  the 

^ above  mechanism  are  kinetically  more  favorable  than  with  the  halogen 

I radical.  As  a result,  flame  inhibition  by  halogen  radicals  in  nitro- 

cellulose  based  propellants  is  not  effective. 

I An  important  step  in  normal  flame  propagation  is  the  chain  branch- 

^ ing  reaction; 

; H*+  O2  -*■  OH*+  0« 

I The  mechanism  by  which  halogen  additives  are  known  to  inhibit  the  flamma- 

bility of  hydrocarbons  is  one  involving  the  interruption  of  hydrogen  free 
^ radical  chains  as  formulated  above.  Accordingly,  one  explanation  for  why 

I halogen-containing  additives  do  not  reduce  the  flamm^lbility  of  the  nitro- 

cellulose propellant  is  that  the  foregoing  reaction  does  not  play  a 
major  role  in  controlling  the  burning  rates  of  nitrocellulose  based 
propellants. 
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HMX  has  flame  zone  reactions  similar  to  nitrocellulose-based  propel- 
lants in  that  the  initial  step  is  thought  to  lead  to  the  production  of  NO^ 
sXow 

R - NO,  -►  NO-  + R*  where  R = C.H„N.(NO-), 

J,  2 4 8 4 2 3 

fast 

R.  ^ CO  + CO-  + NO  + N-  + HCN  + N-0  + H,0  + CH-0 

A A 2 2 2 

The  NO^  and  NO  formed  by  the  decomposition  reaction  can  react  with  the 
aldehydes  and/or  the  oxygen  in  the  air  similar  to  the  case  of  the  nitro- 
cellulose based  propellant.  Thus,  for  probedjly  the  same  reason  that  halo- 
gen additives  are  Ineffective  in  the  introcellulose  based  propellant, 
they  are  also  ineffective  in  the  HMX  composite  propellants. 

Since  the  combustion  of  AP  and  AP  composite  propellants  already 

14 

involve  very  reactive  chlorine-free  radical  intermediates  (e.g.,  Ct*, 
CtO*)»  the  fact  that  bromine-containing  additives  do  not  reduce  the 
flammability  of  AP  composite  propellants  is  not  surprising. 

B.  Phosphorus  Additive.-  to  Reduce  Propellant  Flammability 

Various  phosphorus  additives  were  incorporated  into  the  control 
nitrocellulose,  AP  composite,  and  HMX  composite  propellants  and  their 
burning  behavior  and  flammability  reduction  evaluated. 

1.  Nitrocellulose  propellants 

Ser.  (10)  Phosphoric  Acid  (H^PO^)  — This  compound  is  a non- 
volatile liquid  with  a boiling  point  of  213  C.  It  was  added  to  the 
control  propellant  to  the  extent  of  5%.  This  addition  produced  no  signi- 
ficant reduction  in  flammability  or  the  mass  burning  rate  vs  pressure 
plot  (see  Fig.  22 ) • 

Ser.  (11)  Ammonium  Phosphate  (NH^)2PO^  — This  solid  compound 
was  added  to  the  control  propellant  to  the  extent  of  1,5,  and  10%.  Even 
at  the  10%  level  this  compound  produced  no  useful  reduction  in  flammabil- 
ity. Incorporating  the  additive  Increased  significantly  the  amount  of 
char  formed  during  burning.  The  mass  burning  rate  vs  pressure,  Fig.  23, 
increased  at  the  5%  level  but  decreased  at  the  10%  level. 
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Photphorui  compounds  can  have  several  oxidation  states,  and  there 
seems  to  be  a relation  between  fire  retardancy  and  the  oxidation  state. 

To  investigate  whether  these  phosphorus  compounds  were  effective  in 
reducing  the  flannability  of  propellants,  several  formulations  were 
evaluated. 

Ser.  (12)  Triphenyl  phosphate  {(C^HgOj^PO)  — This  compound 
is  a solid  with  a melting  point  of  50  C and  a boiling  point  of  245  C. 

It  was  incorporated  into  the  control  propellant  to  the  extent  of  10%. 

It  did  suppress  the  mass  burning  rate  significantly  at  pressures  near 
atmospheric  (Fig.  24).  Notice  that  there  is  only  a slight  dependence 
of  pressure  on  mass  burning  rate  and  slight  reduction  in  flammability. 

Ser.  (13)  Triphenyl  phosphine  {(C-H_),P)  — This  compound  is 

O 3 J 

a solid  with  the  melting  point  of  79  C and  a boiling  point  greater  than 
360  C.  It  was  incorporated  into  the  propellant,  but  during  curing  the 
additive  caused  extensive  foaming  and  reduced  it  to  a soft  rubbery  state. 

It  was  not  tested.  Phosphine  confounds  are  sensitive  to  oxidation  by 
oxygen  and  produce  a toxic  gas,  phosphine.  This  may  be  the  reason  for 
the  foaming. 

Ser.  (14)  Triphenylphosphonium  bromide  {(C,H_),PBr}  — The 

b b 3 

use  of  this  compound  was  suggested  as  an  additive  on  the  basis  of  syner- 
gisms.  That  is,  a synergism  may  be  defined  as  a case  in  which  the  effect 
of  two  components  taken  together  is  greater  than  the  sum  of  their  effects 
separately.  Many  fire  retardants  are  selected  on  the  basis  of  a synergism. 
For  exan^le,  antimony-halogen,  phosphorus-halogen  synergisms  are  commonly 
en^loyed  in  plastics  and  polymers  to  reduce  the  amount  of  additive  that 
would  be  needed  to  achieve  the  desired  result.  The  compound  when  added  to 
the  extent  of  10%  sxirprisingly  increased  the  mass  burning  rate  (Pig.  25) . 
During  testing  it  was  observed  that  the  propellant  was  easier  to  ignite 
and  burned  more  vigorously  than  the  control  propellant.  There  was  no 
flammability  reduction. 
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2.  AP  Composite  Propellants 


Ser.  (15)  Phosphoric  Acid  (H^PO^)  — This  non-volatile  liquid 
with  a boiling  point  of  213  C was  added  to  the  control  propellant  to  the 
extent  of  1%.  With  heating  the  phosphoric  acid  may  undergo  reaction  with 
the  binder  to  produce  species  which  can  produce  cross-linking  and  char 
formation.  It  was  observed  that  the  amount  of  char  produced  by  the  incor- 
poration of  the  acid  did  not  appear  to  be  different  than  when  no  acid  was 
added  to  the  composite  propellant.  The  addition  of  phosphoric  acid 
produced  no  significant  reduction  in  the  mass  burning  rate  vs  pressure 
or  in  flanmedjility . 

Ser.  (16)  Phosphoric  Acid/Urea  {5%  of  a 1 to  4 mixture}  — A 
rrxture  of  urea  and  phosphoric  acid  (or  urea  phosphate  which  forms  ca. 
lie  C)  has  been  used  to  phosphorylate  cellulose  (at  one  time  on  a commer- 
cial scale) . Processing  in  the  presence  of  nitrogen  compounds  has  shown 
that  the  esterification  reaction  of  the  phosphate  compound  with  the 
hydroxyl  group  of  the  cellulose  takes  place  smoothly  and  rapidly. 


R - OH  + HO 


(OH)  2 + (NH2)2C0  -*■  R - O - P - (OH)  2 + 2NH^  + CO2 


where  R is  cellulose  or  some  other  molecule  with  an  available  hydroxyl 
iroup.  The  urea  probably  functions  as  a dehydrating  agent  promoting  the 
phosphorylation  of  the  cellulose. 

In  terns  of  the  PBAA-Epon  system  that  forms  the  binder  in  the  AP 
composite  propellant,  phosphoryi..  ':ion  of  the  binder  probably  takes  place 
at  a hydroxyl  group  from  the  epoxide  added  as  the  curing  agent  in  the 
cure  reaction. 

Incorporation  of  the  phosphoric  acid/urea  mixture  produces  some 
reduction  in  the  mass  burning  rate  vs  pressure,  an  increased  amount  of  char 
formation,  but  no  reduction  in  flammability  (Fig.  26). 

Ser.  (17)  Ammonium  phosphate  {(NH^)2HPO^}  — Phosphate  com- 
pounds may  undergo  reaction  with  cellulose  or  hydroxyl  compounds  as 
follows: 


R - OH  + HO  - P - (ONH.)_  -►  RO  - P - (ONH.)_  + H_0 

42  4 2 2 
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where  R is  the  cellulose  molecule  or  some  other  molecule  with  an  avail~ 
able  hydroxyl  grov?>  (i.e.,  the  PBAA-Epon  System).  A series  of  extensive 
tests  were  conducted  incorporating  ammonium  phosphate  into  the  composite 
propellant.  Variables  studied  included  the  percent  of  additive  incorpor- 
ated and  particle  size.  Results  are  shown  in  Fig.  27.  Even  with  large 
amounts  of  {10  to  20%},  it  is  ineffective  as  a char  former  and 

is  probably  acting  as  a diluent  and  coolant.  Note  that  the  large  particle 
size  is  more  effective,  indicating  that  the  burning  rate  suppressing 
reaction  is  probably  occurring  at  the  surface. 

The  small  percentages  of  the  additive  did  not  produce  significant 
reductions  in  the  flammability  of  the  propellant.  An  addition  of  5%  or 
more  of  the  additive  was  significant  in  reducing  the  mass  burning  rate. 

Ser.  (18)  Phoschek“30  — This  compound,  ammonium  poliphosphate , 
(NH^ (POjH)^NH^)  was  added  to  the  control  propellant  to  the  extent  of  5%. 

It  produced  no  reduction  in  flammability.  Unlike  the  other  phosphorus 
additives  (Ser.  15-17),  Phoscheck-30  was  an  effective  char  former.  Large 
amounts  of  char  were  observed  forming  at  the  burning  surface,  and  thread- 
like filaments  extended  into  the  flame. 

At  the  same  percentage  of  additive,  the  Phoschek-30  was  more  effective 
in  reducing  the  mass  burning  rate  than  (NH^)^HPO^  but  no  flammability 
reduction  was  noted. 

3.  HMX  Composite  Propellant 

Several  phosphorus-containing  compounds  were  incorporated  into 
the  TCC/W-17  HMX  propellant  and  tested  tor  flammability  reduction. 

Ser.  (19)  Phoschek-30  tan  ammonium  polyphosphate,  NH.(PO  H)  NH.J 

4 j m 4 

— This  compound  was  incorporated  into  the  propellant  to  the  extent  of 
10%.  The  additive  had  some  effect  on  reducing  the  mass  burning  rate  but 
produced  no  flammability  reduction. 

Ser.  (20)  Ammonium  phosphate,  (NH^)^?^'^  was  incorporated  into 
the  propellant  to  the  extent  of  10%.  This  rhosphorus  additive  had  a 
greater  effect  in  reducing  the  mass  burning  rate  than  the  other  additives 
tested.  In  addition,  the  flammability  of  the  propellant  was  reduced  signi- 
ficantly. The  propellant  with  (NH^)^?©^  additive  would  not  ignite  and  burn 
at  pressures  below  0.45  atm. 
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Ser.  (21)  triphenyl  phosphate  { {C,H_0) .PO},  and 

0 3 ^ 

Ser.  (22)  tritotyl  phosphate  { (CH,-C-H,0) ,P0)  — fheee  con- 
pounds  were  incorporated  into  the  KMX  con^site  propellemt  to  the  extent 
of  10%.  Although  a change  in  the  structure  from  triphenyl  to  tritotyl 
did  exhibit  sene  changs  in  mase  burning  bahavicr,  neither  additive  produced 
any  significant  flamnability  reduction  (see  Fig.  28) . 

4.  CoBsnants  on  the  Effectiveness  of  Char  Formera 

Phosphorus  additives  in  the  nitrocelluloss-based  propellant  do 
not  rssult  in  any  significant  reductions  in  flammability^  but  burning 
behavior  does  change  with  the  kind  of  phosphorus  compound  added.  The 
most  likely  modee  of  action  of  the  phosphorus  additives  in  the  nitrocellu- 
lose propellants  are  as  coolants  or  as  free  radical  inhibitors. 

In  ths  AP  con^sits  and  HMX  con^oeits  propellants,  the  PBAA-Epon 
and  polyurethane  binders  react  with  the  products  of  the  phosphorue  com- 
pound to  promote  char  formation.  However,  the  effectiveness  of  the 
additive  depends  upon  the  phorphorus  compound  and  the  binder  system. 

While  char  layere  seem  to  work  well  with  inert  plastics,  they  are  ineffect- 
ive with  propellants;  the  primary  factor  for  this  Ineffectiveness  is  the 
self-oxidizing  characteristic  of  the  propellant.  Once  ths  propellant  is 
ignited  it  will  continue  to  bum  since  there  is  a continual  feed  of 
oxidizer  and  fusl  fragments  to  sustain  ths  combustion  reaction. 

In  terms  of  reducing  the  flammability  of  the  control  HMX  compoeite 
propellant,  aumnonium  phosphate  nHH^)2F0^]  is  the  most  effective.  As 
shown  in  Pig.  28,  at  the  10%  levsl  (NH^)2pO^  increased  p^^^^  from  0.1  to 
0.45  atm,  an  encouraging  indication. 

C.  Coolants  as  Additives  to  Reduce  the  Propellant  Flammability 

Several  compoundii; , both  organic  and  inorganic  were  incorporated  into 
the  thrse  types  of  propellants  and  evaluated  ae  coolants  in  reducing 
flammability. 

1.  Nitrocellulose  Propellants 

Ser.  (23)  Urea  { (1^2)2^^^  — This  organic  conpound  has  a melting 
point  of  133  C and  decomposes  with  further  heating.  It  wae  incorporated 

into  the  propellant  to  the  extent  of  10%.  Examination  of  the  mass  burning 
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rate  vs  pressure  plot  (Fig.  29)  reveals  that  urea  does  act  as  a coolant 
in  the  near  atmospheric  pressure  region  but  seems  to  be  ineffective  in  the 
low  pressure  regions. 

Ser.  (24)  Oxamide  { (NH^) 2'CO) 2^  This  organic  compound  has  a 
melting  point  of  180  C and  decomposes  at  a much  higher  temperature.  It 
was  incorporated  into  the  propellant  to  the  extent  of  10%.  Examination  of 
the  mass  burning  rate  vs  pressure  plot  (Fig.  29)  shows  that  there  is  a 
very  significant  reduction  of  the  mass  burning  rate  over  the  entire  pres- 
sure region  examined.  Kote  the  similarity  with  the  formulation  using 
urea  — a high  suppression  in  the  region  near  atmospheric  pressure  and  a 
lower  suppression  in  the  sub- atmospheric  pressure  region.  However, 
oxamide  with  a similar  chemical  structure  and  a higher  melting  point 
coupled  with  a higher  heat  of  decon^josition  is  more  effective  than  urea. 
Neither  coit^undSf  however,  show  any  effectiveness  so  far  as  reducing  the 
flammability. 

2.  AP  Composite  Propellant 

Ser.  (25)  Potassium  ferricyanide  and 

Ser.  (26)  Ammonium  bromide  {NH^Br}  — These  compounds  were 
incorporated  into  the  control  AP  composite  propellant  and  evaluated  as 
flammability  reducing  agents.  The  incorporation  of  5%  potassium  ferri- 
cyanide as  an  additive  to  the  control  propellant  did  not  reduce  fl6unma- 
bility,  see  Fig.  30.  It  was  noted  that  glowing  particles  (e.g.,iron  oxides) 
form  in  the  flame  and  serve  to  indicate  the  particle  track  and  extent  of 
decomposition.  Even  though  particle  size  was  not  controlled,  it  was  noted 
that  the  large  particles  passed  through  the  flame  with  little  reaction, 
whereas  smaller  particles  decomposed  in  the  flame  near  the  surface. 

The  effect  of  the  large  decrease  in  burning  rate  with  the  aunmonium 
bromide  additive  may  be  attributed  to  its  rather  high  sublimation  tempera- 
ture of  542  C.  This  is  close  to  the  temperature  of  the  burning  propellant 
surface.  The  large  amount  of  energy  required  to  sublime  d/or  decompose 
the  2URmonium  bromide  at  or  near  the  propellant  surface  is  ti.''s  reflected 
in  a marked  decrease  in  the  burning  rate,  see  Fig.  30. 
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S«r.  <27)  Ur«a  {{NHj)^^}  — Thi«  coapound,  with  a malting 
point  of  133  C,  was  incorporatad  into  tha  prqpallant  to  tha  axtant  of  5%. 
Examination  of  tha  masa  burning  rata  vs  prassura  plot,  Fig,  30,  shows  that 
thara  is  no  raduction  in  flanubiiity  and  littla  changa  in  burning  rate. 

Tha  relatively  large  a:rathamic  effects  of  tha  burning  propellant  far 
overshadow  tha  endothermic  decomposition  of  the  urea. 

3.  HMX  Composite  Propellant 

TWO  confounds  ware  incorporatad  into  the  HMX  composite  propellant 
and  evaluated  as  coolants. 

Ser.  (28)  Ammonium  Carbonate  {(NH.).CO.}  » This  solid  with  a 

4 2 3 

decospositlon  temperature  of  58  C was  Incorporated  into  the  propellant 
to  the  extant  of  10%  and  did  not  produce  any  reduction  in  fleunmabllity 
(Fig.  31). 

Ser.  (29)  Ammonium  Sulfate  {(MH.).SO,} — This  eolid  with  a decom> 

4 2 4 

position  temperature  of  235  C wae  incorporated  into  the  propellant  to  the 
extent  of  10%  and  produced  a email  reduction  in  the  mass  burning  rate 
but  no  flammability  reduction,  eee  Fig.  31. 

4.  Comments  on  the  Effectiveness  of  Coolants 

Several  compounds  were  incorporated  into  the  three  control 
propellants  (e.g. , nitrocellulose,  AP  composite,  and  HMX  compoeite)  to 
evaluate  their  potential  as  coolants.  The  most  effective  coolants  are 
those  with  decomposition  temperatures  near  that  of  the  surface  ten^erature 
of  the  burning  propellant.  Compounds  with  low  melting  or  decomposition 
temperaturee  ehow  little  effect.  Although  the  coolants  produce  changes 
in  the  mass  burning  rate  with  preesure,  they  do  not  significantly  in- 
creaie  p^^^. 

When  oxamide  is  added  to  the  nitrocellulose-based  propellants  (which 
have  relatively  low  surface  teng>eratures) , the  following  are  observed: 

(1)  Oxamide  increases  p^j^  in  Nj  (Fig.  32)  but  not  in  air. 

(2)  Oxamide  has  a pronounced  effect  on  the  gas  phase 
temperature  profile  (Fig.  33)  but  no  clearly  discernible 
effect  on  the  propellant  surface  temperature. 
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(3)  Oxamide  does  not  make  the  propellant  more  difficult  to 
ignite  (see  Fig.  8a  in  Ref.  1)  using  a quartz/tungaten 
lan^.  (The  decrease  in  ignition  time  is  probably  a 
result  of  the  oxamide  decreasing  the  transmissivity  of 
the  propellant.) 

The  proposed  explanation  of  all  three  observations  is  the  same:  since 

the  surface  temperature  of  the  matrix  propellant  is  lower  than  the  decom- 
position temperature  of  oxamide,  the  endothermic  decomposition  of  the 
oxamide  is  not  centered  at  the  propellant  surface.  However,  there  is 
a slight  contribution  from  the  oxamide  (in  the  flame  zone),  i.e.,  since 
at  the  5%  level,  oxamide  produces  a 20%  reduction  in  burning  rate  (see 
Fig.  32). 

To  further  explore  the  effect  of  additives  whose  decomposition 
te  -iperatures  are  higher  than  the  surface  temperature  of  the  matrix  pro- 
pellant, ammonium  perchlorate  (AP)  was  added  to  the  control  nitrocellulose- 
based  propellant.  AP  is  known  to  have  a higher  surface  temperature  than 
NC  double  base  propellants.  AP  (even  though  it  is  an  oxidizer)  did 
not  affect  appreciably  the  ignition  limit  of  the  NC  double  base  propellant. 

Finally,  the  ignition  data  (see  Fig.  8c  in  Ref.  1)  for  the  HMX/PU 

propellants  support  the  premise  that  the  surface  temperature  of  the 

matrix  propellant  must  be  relatively  high  for  the  coolant  to  function  as 

a flammability  suppressant.  As  shown  in  Fig.  8c  in  Ref.  1,  oxamide  has 

a profound  influence  on  the  ignition  characteristics.  The  data  of  Table 

6 show  that  the  surface  te.nperature  of  the  HMX  composite  propellants  is 

much  higher  than  the  surface  temperature  of  either  an  AP  composite  or 

NC  double  base  propellant.  Indeed,  for  radiant  heat  fluxes  less  than 
2 

5 cal/sec-cm  the  propellant  containing  10%  oxemide  (TCC/W-4)  is  not 
ignited  by  the  radiation  from  the  quartz/tungsten  lamp.  However,  it 
must  be  noted  that  when  the  propellant  is  gasified  and  not  ignited,  the 
gases  that  emanate  from  the  propellant  surface  are  easily  ignited  by  an 
open  flame. 

D.  Organomatallic  Compounds 


Organometallic  compounds  of  different  types  are  known  to  react  with 

9 10 


the  intermediate  products,' 


Perhaps  a specific  compound  can  be 


incorporated  to  react  with  one  of  the  major  oxidizing  gasee  and  reduce 
the  energy  liberated  during  the  combuetion  reaction  or, at  least, to  tie 
up  the  active  species  and  achieve  eoae  degree  of  flame  inhibition.  With 
these  ideas  in  mind  some  preliminary  eigMriments  were  carried  out  using 
simple  organometallic  compounds  of  similar  structure  to  determine  what 
effect  they  would  have  on  reducing  flaontability: 

(1)  tripheny Inethane  (CgH^)^CH  was  used  primarily  as  a control 
additive  to  see  what  effect  this  particular  structure  had  on  the 
propellant. 

(2)  tetraphenyl  lead  (C^H.)  Pb  and  tetraphenyl  tin  (C.H.) .Sn  added 

0 5 4 6 5 4 

to  the  control  nitrocellulose-based  propellant  to  the  extent 
of  10%  exhibited  the  following  effects  (Fig.  34).  The  tetra- 
phenyl tin  had  the  effect  of  reducing  the  mass  burning  rate, 
while  the  tetraphenyl  lead  coitpound  accelerated  the  burning 
rate  (somewhat)  at  pressures  near  atmospheric  (it  is  )cnown 
that  some  lead  compounds  act  as  catalysts  for  the  reaction  of 
NOj  NO  and  NO  -►  N^) . Whether  this  is  happening  here  is 
not  )cnown.  The  corresponding  organotin  compound  had  a signi- 
ficant effect  on  reducing  the  burning  rate  as  compared  to  the 
lead  compound.  Obviously  the  metal  plays  an  important  part  in 
modifying  the  burning  behavior.  Larger  amounts  of  char  and 
a flame  containing  more  carbon  were  significant  observations 
obtained  with  the  organotin  additive.  Neither  additives  signi- 
ficantly reduced  flammability. 

E.  Enthalpy  and  Gas  Composition  Measurements  of  Coolants  and  Binders* 

Two  experimental  techniques  were  used  to  measure  the  enthalpy 
changes  that  are  associated  with  several  candidate  coolants.  Differential 
Thermal  Analysis  (DTA)  was  used  on  coolants  and  a combination  of  DTA  and 
Thermal  Gravimetric  Analysis  (TGA)  was  applied  to  both  coolants  and 
binders.  A more  direct  measurement  of  the  energy  change  exhibited  by 


*This  section  is  based  on  ej^erimental  data  provided  by  R.  A.  Biddle  of 
the  Elicton  Division  of  the  Thiokol  Corp. 
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tho  coolants  was  made  by  using  Differential  Scanning  Calorimetry ■ (DS() . 

T1  ese  analyses  were  run  on  samples  of  approximately  10  mq  under  a 
i nitrogen  atmosphere  at  a scanning  speed  of  10  C/minute. 

The  binders  tested  exhibit  both  an  initial  small  exotherm  and  a 
significantly  larger  endotherm.  Hydrocarbon  binders,  such  as  the 
\ Ccirboxyl-terminated  polybutadiene  (CTPB)  and  the  hydroxyl-terminated 

I polybutadiene  {HTPB) , undergo  the  initial  exotherm  at  375-380  C with 

the  carboxyl-terminated  binders  exhibiting  the  largest  enthalpy  change. 

I This  is  also  the  case  for  the  subsequent  endotherm  in  both  of  these 

binders.  Here  this  endothermic  process  occurs  at  480-486  C.  The  rela- 
tive  magnitudes  of  these  changes  are  shown  in  Table  7.  The  polyester 
f binder  shows  reduced  magnitudes  for  both  the  initial  exotherm  (-18  cal/g^ 

r 

I and  the  subsequent  endotherm  (+124  cal/g)  occurring  over  a narrow  tem- 

t 

I perature  range  that  is  intermediate  to  the  hydrocarbon-type  binder 

j changes  430  C)  • 

i Examination  of  the  coolants  was  made  by  both  TTA-TCA  and  DSC  tech- 

niijues.  Results  for  three  coolants  are  shown  in  Tabic  7.  The  endo- 
thermic changes  that  occur  on  heating  these  coolants  have  increasing 
magnitudes  on  going  from  melamine  to  oxamide.  Various  valuer  of  the 
endothermic  change  have  been  measured  for  the  melamine  by  the  DSC 
technique,  depending  upon  the  rate  of  heating  and  the  sample  size. 
However,  there  is  general  agreement  in  the  order  of  magnitude  of  the 
endotherm  measurements  between  the  two  techniques.  Melamine  start?  to 
evolve  ammonia  at  about  14€  C and  this  continues  up  to  rhe  melting 
i 3int  of  633  C.  Analysis  of  the  oxamide  by  the  DTA/TGA  techniques 
showed  sublimation  only,  whereas,  in  the  DSC  technique,  there  is  prob- 
ably an  attendant  endothermic  decomposition  which  accounts  for  the 
additional  heat  absorbed. 

These  data  serve  to  show  that  both  the  binders  and  the  coolants 
undergo  thermal  changes  in  the  same  general  temperature  range  and  that 
there  are  different  types  of  decomposition  reactions  occurring  for  th€ 

- 

various  coolants.  There  is  also  a gradation  of  the  magnitude  cf  the 
endothermic  processes  involved  with  the  coolants. 


-26- 


The  gases  evolved  by  the  individual  coolants  were  analyzed  by  a 
flash  pyrolysis  technique  using  a 1200  C pyrolsis  probe  with  a 1 to  2 
mg  sample.  The  gases  generated  were  passed  through  two  gas  chromato- 
graphic columns  in  series,  selected  to  separate  CO,  H^O  and 

for  subsequent  measurement.  Helium  carrier  gas  was  used  to  trans- 
port these  gases  through  the  separation  columns  and  the  detector 
assembly.  Typical  results  for  the  identified  product  gases  from  the 
three  coolants  of  interest  are  shown  in  Table  7.  Here  it  can  be  seen 
that  melamine  produces  mainly  nitrogen  and  ammonia,  whereas  oxamide 
produces  predoetinantly  carbon  monoxide.  There  is  a complicating  feature 
in  each  of  these  analyses  in  that  there  is  an  unknown  component  which 
was  not  identified.  For  the  melamine,  approximately  one-third  of 
the  total  gases  was  not  identified  and  are  not  included  in  the  values 
shown  in  Table  7.  The  unidentified  gases  could  bt  largely  hydrogen 
cyanide  and  cyanogen.  Only  seven  percent  of  the  gases  were  not 
identified  from  the  oxamide. 


F.  Hazards  Associated  with  Smoldering  Propellants 

Several  of  the  propellants  could  be  heated  to  the  point  of  smold- 
ering (i.e.,  sub-surface  reactions  under  a char  layer)  without  devel- 
oping either  the  self  flame  or  the  diffusion  flame.  The  gaseous 
products  from  the  smoldering  represent  a serious  hazard  since  they  are 
extremely  flammable.  For  example,  a smoke  column  20  cm  above  TCC/W-4 
smoldering  under  room  conditions  ca..  be  easily  Ignited  with  a match; 
the  flame  flashes  down  the  columri  and  produces  a flame  on  the  sample. 

If  these  gases  are  allowed  to  collect  in  a closed  space  a serious  fire 
and  explosion  hazard  exists.  Juhasz  and  Rocchio^^  analyzed  these 
gases  and  found  they  contained  large  fractions  of  CO,  NO,  and  H^o. 

Elimination  of  smoldering  is  a difficult  task  because  the  smolder- 
ing reactions  of  several  of  the  propellants  are  independent  of  the 
cunbient  air.  For  exan^le,  a 75%  HHX,  15%  PU,  and  10%  oxamide  propellant 
will  continue  to  smolder  in  one  atmosphere  of  or  in  its  own  combus- 
tion products.  At  the  20%  oxamide  level,  sustaining  the  smoldering 
requires  air. 
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experiments  in  which  we  intended  to  'extinguish  burning  propellant  speci- 
mens. For  example,  it  was  relatively  easy  to  extinguish  a 75%  HMX, 

15%  PU,  and  10%  oxamide  propellant  immediately  after  ignition  (before  a 


char  layer  develops) . However,  after  the  propellants  had  burned  and 
formed  a char  layer  several  millimeters  thick,  the  smoldering  at  the 
char/unbiirned  propellant  interface  persi.,.:3d  after  the  visible  flame 
was  extinguished  by  direct  impingement  of  CO^  flow.  In  many  instances, 
the  smolder  would  continue  for  several  seconds,  and,  then,  the  visible 
flame  would  re-establish  itself. 

t 

[ 


V.  IGNITION  AFTER  EXPOSURE  TO  FLAMES 
A.  Results  of  Flame  Tests 

During  the  course  of  the  Army’s  progreun  to  develop  high  energy,  low 
flammability  propellants,  several  organizations  supplied  Frankford  Arsenal 
with  candidate  propellants.  It  was  of  interest  to  obtain  a relative  com- 
parison of  the  ignition  properties  of  these  propellants.  Shock  Hydro- 
dynamics,  Inc.  tested  these  propellants  for  impact  sensitivity  *and 
Calspan^^  tested  several  of  the  propellants  for  cook-off  during  slow 
heating.  Frankford  Arsenal  molded  the  eight  formulations  shown  in  Table 
8 into  cylinders  0,95  cm  in  diameter  and  2.5  cm  long.  The  cylinders  were 
tested  using  the  apparatus  show.i  in  Fig.  6 (specimen  mounted  vertically) . 

The  test  sequence  consisted  of  mounting  the  cylinder  vertically  on 
a flat  plate  to  that  free  convection  effects  would  be  reduced)  and  subject- 
ing it  to  a calibrated  acetylene  flame  until  first  flame  was  observed.  The 
time  of  first  flame  was  determined  by  examining  color  movies  of  the  tests. 
Following  the  observation  of  first  flame  on  the  propellant,  the  acetylene 
flame  was  quickly  moved  away  from  the  sample  to  determine  if  the  propellant 
would  self -extinguish.  If  the  propellant  specimen  did  not  self-extinguish, 
the  specimen  was  extinguished  by  a low  velocity  jet  of  CO^.  The  tests 
were  repeated  five  times . 

The  results  of  the  tests  are  shown  in  Fig.  35.  It  should  be  noted 
that  the  tests  were  not  meant  to  achieve  a relative  ranking  of  the  propel- 
lants. Such  a rank  would  be  meaningless  since  the  energy  levels  of  the 
propellant  -.ary  greatly  and  some  of  the  propellants  are  intended  for  use 
as  relatively  low  energy  outer  layer  materials  and  others  are  intended 
to  be  high  energy  propellants,  Test-to-test  variations  of  1 to  2 seconds 
are  not  uncommon. 

To  obtain  insights  into  how  the  hazards  associated  with  low  flammabil- 
ity propellants  compared  to  the  hazards  of  more  conventional  materials,  a 
widely  used  ball  powder  (WC  G46)  protected  by  a thin  (0.025  cm)  brass  sheet, 
the  control  nitrocellulose-based  propellant,  and  M-9  propellant  were 
subjected  to  the  same  ignition  conditions  as  the  low  flammability  specimens. 

•Shock  Hydrodynamics,  Inc.  also  carried  out  radiative  ignition,  ignition 
by  hot  spall,  and  sample- to-sample  flame  spreading  tests. 
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Several  of  the  pr(^ellant8  are  significantly  more  resistant  to  ignition 
than  either  the  control  nitrocelluloss  propellant  or  M-9.  However,  the 
WC  646  ball  powder  protected  by  brass  was  generally  mors  rssistant  to 
ignition.* 

The  con^sitions  with  impetus  values  less  than  250,000  ft-lbf/lbm 
are  intended  to  be  used  as  outer  layers  on  a maip  propellant  charge. 

Since  these  outer  layers  make  up  a small  percentage  of  the  total  charge 
weight,  greater  laprovemsnts  in  system  flammability  can  be  achieved  by 
sacrificing  some  of  the  energy  in  outer  layers.  Note  that  only  one  of 
these  outer  layer  materials  self-extlnguishes  when  the  acetylene  flame 
is  removed. 

The  results  of  Tabls  8 should  be  a source  of  encouragement  since 
they  Indicate  that  ignition  energy  requirements  of  the  low  flammability 
propellants  are  greater  than  for  several  conventional  double  base  propel- 
lants and,  in  several  cases,  comparable  to  brass  protected  ball  powder. 

B.  Effect  of  Low  Heati.tg  Rate  on  Conditions  for  Ignition  and 
Self-Extinguishment 

The  time  of  self-extinguishment  following  ignition  is  strongly  depend- 
ent on  the  temperature  profile  in  the  condensed  phase  when  ignition  occurs. 
The  basis  for  this  is  that  a propellant  conditioned  at  a relatively  high 
temperature  (e.g.,  60  C)  will  be  more  likely  to  have  sustained  combustion 
than  a propellant  conditioned  to  c.  relatively  low  tenperature  (e.g.,  -20  C). 
Similarly,  a propellant  that  is  ignited  by  a very  low  heat  flux  will  be 
preheated  to  a significant  depth  prior  to  ignition.  Thus  after  a pre- 
heated propellant  is  ignited,  it  burns  with  a more  vigorous  flame  than 
a comparable  propellant  which  was  ignited  very  rapidly.  The  self-extin- 
guishment of  the  propellant  becomes  more  likely  as  the  layer  preheated 
during  ignition  is  burned  off.  Propellants  that  smolder  and,  thus,  burn 
very  slowly,  develop  increasingly  thick  thermal  waves  which,  in  effect, 
preheat  ths  propellant. 

Figure  36  illustrates  the  manner  by  which  slow  heating  alters  seif- 


*In  a similar  test  reported  in  Ref.  1,  a lower  energy  HMX  composite  pro- 
pellant (75%  HMX,  15%  PU,  and  10%  oxamide)  proved  to  j more  resistant 
than  the  brass  protected  WC  846. 
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extlnguishawnt.  Figure  36  shows  the  steady  state  relationships  between 

i 

\ burning  rate  (r) , ambient  presstire  (p) , surface  temperature  (T  ) and 

i * 

I depth  of  thermal  profile  (6  ) . Increasing  heat  flux  to  the  surface  during 

( steady  burning  (qj^)  decreases  the  thickness  of  the  preheated  layer 

I (5jj)  i decreasing  the  ignition  heat  flux  (q^)  increases  the  depth  of  the 

I preheated  layer  when  ignition  occurs  (5^) . Figure  36  is  for  the  situ- 

I ation  in  which  the  depth  of  the  preheated  region  at  ignition  is  much 

' larger  than  the  preheated  depth  during  steady  state  burning. 

I As  shown  on  Figure  36,  when  the  heat-up-to- ignition  is  slow,  there 

; is  a period  of  time  [approximately  equal  to  the  time  required  to  burn 

E off  the  thickness  {6.  - 6 )]  during  which  the  low  flammability  charac- 

i * ° 

i teristics  of  the  proj)ellant  are  not  fully  realized. 

The  aibove  discussion  introduces  a rather  complex  question  concerning 
how  to  reduce  flammability  over  the  entire  range  of  heating  conditions. 

Of  course  there  is  an  initial  temperature  above  which  all  propellants 
will  burn  vigorously. 

I 

i 


i 

F 
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VI.  CONCLUSIONS 


The  goal  of  the  investigation  sunsnarized  in  this  report  wae  to  obtain 
an  understanding  of  how  additives  intended  to  reduce  flaoonability  affect  the 
low  pressure  combustion  characteristics  of  high  energy  propellants.  The 


approach  to  reducing  flammability  centered  on  the  use  of  additives  which 
when  used  with  plastics  are  known  to  suppress  gas  phase  reactions « to 
promote  char  formation,  or  to  promote  endothermic  surface  reactions.  Combustion 
limits  or  flame  retention  limits  exist  for  all  solid  propellants,  although 
these  limits  may  be  at  . ub-atmospheric  pressures.  The  aim  of  adding  rate 
retardants,  char-formers,  and  coolants  is  to  move  ths  extinguishment 


f boundaries  above  1 atm  pressure  at  140  F euabient  temperature. 

Based  on  the  results  of  this  investigation,  it  is  now  apparent  that 
the  continual  resupply  of  reactants  which  sustain  the  combustion  reactions 
: far  overwhelms  zuiy  action  of  the  additive  (in  small  quantities)  to  reduce 

flammability.  One  fact  is  clear,  once  high  energy  propellants  are  ignited 
in  air,  they  tend  to  continue  to  burn  (or  smoldar)  primarily  through  the 
V continual  resupply  of  reactants  (boch  from  the  propellant  itself  and  the 

'i 


ambient  air) . The  propellant  modifications  reduced  burning  rates  but  did  not 
significantly  increase  the  pressure  at  which  self-extinguishment  occurred. 

The  development  of  a self-extinguishing  (under  ambient  conditions) , 
high  energy  propellant  is  a goal  yet  to  bs  achieved.  However,  lower 
energy  materials  suitable  for  use  as  an  outer-layer  protective  coating 
(Wiiich  is  consumed  as  an  energetic  material  under  the  desired  high  pressure 
operating  conditions)  appear  to  be  promising.  Two  of  the  conventional 


methods  of  reducing  flcuimabllity,  flame  inhibitors  and  char  formers,  have 
been  explored  well  beyond  the  range  of  practical  limits  and  found  to  be 
ineffective  whsn  used  with  propellarts.  The  use  of  coolants  with  the 


high  decomposition  tempsrature  composite  propellants  (e.g.,  KMX/polyurethane) 
is  effective  in  reducing  flammability  at  the  expense  of  propsll^mt  energy. 

In  the  course  of  these  studies,  the  explosion  and  fire  hazards  of 
gassous  products  which  evolve  from  smoldering  propellants  were  recognized. 
Conventional  propellants  burn  with  vigorous  flamss  that  generate  products 
that  are  not  liksly  to  produce  explosion  hazards.  The  observed  smoldering, 
which  only  partially  decomposes  the  propellant,  is  a direct  rssult  of 
efforts  to  rsduce  flammability. 
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In  1970,  Grsen,  Visnov  and  Krafcik  published  a survey  of  the  status 
of  fundamental  ignition  concepts  and  how  they  related  to  reducing  the 
vulnerability  of  propellants.  In  retrospect,  their  recommendations  (e.g., 
to  consider  propellants  other  than  nitrate  sstsrs,  to  use  protective 
outer-layer  coatings,  and  to  develop  tests  that  simulate  hazards  under 
field  conditions)  were  sound. 

The  studies  to  date  have  shown  that  sslf -extinguishment  limits  and 
ignition  resistance  must  be  defined  with  respect  to  some  limits  on  thermal 
abuse.  For  example,  any  high  energy  material  v;ill  burn  if  heated  to  a 
sufficiently  high  temperature  over  a prescribed  time.  Thus,  additional 
attention  must  be  directed  at  the  task  of  developing  tests  for  ranking 
the  relative  hazards  of  propellants  under  conditions  that  can  be  related 
to  operational  hazards.  The  tests  must  take  into  account  the  applications 
for  which  the  propellants  are  intended  and  the  protective  packaging  that 
will  be  used  in  the  field.  In  many  respscts,  the  various  flammability 
and  ignition  tests  unnecessarily  penalize  some  of  the  propellants.  For 
exampls,  the  propellants  will  not  be  used  as  a single  exposed  cylinder 
of  propellant;  they  will  be  protected  by  a container.  Thus,  in  the  future, 
tests  of  vulnerability  to  the  various  ignition  hazards  should  include 
evaluations  of  complete  systems. 

To  date,  a large  part  of  the  flammability  investigations  con- 
ducted throughout  the  country  have  been  directed  at  finding  additives 
that  would,  when  used  in  small  percentages,  make  either  nitrate  ester 
propellants  or  nitramine  composite  propellants  self-extinguish  at  atmo- 
spheric pressure.  The  brecUc* through  of  finding  such  additives  or  the 
development  of  new  ingredients  is  the  preferred  solution,  however,  it  is 
now  apparent  that  the  usual  fire  retardants  are  not  effective  when  used 
with  self-oxidizing,  high  energy  propellants.  Attention  should  now  be 
directed  at  understanding  how  the  low  pressure  propellant  deconposition 
processes  that  produce  reactive  intermediates  and  the  subsequent  reactions 
with  air  ccm  be  inhibited.  Thus,  a more  detailed  knowledge  of  the 
chemistry  is  required. 
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Thtt  fact  that  talf*extinguishment  of  high  energy  propellants  is 
observed  at  0.3  atmospheres  of  air  reveals  that  the  sought-after  physical 
effect  exiets.  Thus,  the  research  task  is  to  move  the  self-extinguishment 
boundary  from  0.3  to  1.1  atmospheres  of  air. 

APERpU 

The  Army's  program  developed  high  energy  propellants  with  reasonable 
physical  propertiee  and  greatly  reduced  fleunmabilities.  However,  the 
bare  propellant  exposure  conditions  proved  to  be  unrealistically  severe 
and  not  representative  of  the  operational  environment.  The  application 
payoff  of  this  research  will  be  achieved  in  future  development  programs 
that  utilize  the  low  flammability  propellants  in  lightweight  magazines 
which  offer  minimum  protection  to  the  propellants. 
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GLOSSARY 


Ammonium  oxalate 
AP 

CTPB 

CuSa 

OOP 

DSC 

EC 

EPON  828 
ERL  0500 
HIT 
HMX 
HTPB 

MTN  or  TMETN 

NC 

NG 

Oxamide 

PBAA 

PbSa 

Pdl 

Phoschek-30 

PNC 

PU 

SEAP 

TAGN 

TCC/W 

TEGDN 

TGA 


coolant  ({NH^{2C202*H201 
anaonium  perchlorate 

carboxyl  terminated  polybutadiene  binder  system 

monobasic  cupric  salicylate 

dioctyl  phthalate 

differential  scanning  calorimeter 

ethyl  centTAlite  (a  stabilizer) 

epoxy  (diglycidyl  ether  of  bisphenol  A) 

epoxy  {N,l7-diglycidyl-p-aminophenyl  ether) 

high  ignition  ten^erature 

(CH.NNO.) beta-HMX 
2 2 4 

hydroxyl  terminated  polybutadiene  binder  system 
trimethylol  ethane  trinitrate  (metriol  trinitrate) 
nitrocellulose  (typically  12,6%  N) 
nitroglycerine 
coolant  (NH^COCONH^) 

polybutadiene  acrylic  acid  binder  system 
lead  salicylate 

pressure  below  which  a propellant  will  not  burn 
ammonium  polyphosphate  NH^ 

particulate  nitrocellulose  (typically  12.6%  N) 
polyurethane  binder  system 
self-extinguishing  at  atmospheric  pressure 
triaminoguanidine  nitrate 

Wasatch  Division  of  the  Thio)col  Chemical  Corp. 
triethylene  glycol  dinitrate 
thermal  gravimetric  analysis 
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Table  1 


CONTROL  PROPELLANTS 


Control  Nitrocellulose  Based  Propellant^ 


Nitrocellulose  (PNC),  12.6%  N,  53.70% 

TMETN  39.10 

TEGDN  7.02 

ECb  0.08 

Carbon  Powder  0 . 10 

Control  AP  Composite  Propellant 

AiriniLnium  Perchlorate  (30%  bi:  + 70%  45u)  75% 

PBAA  (85.6%)  t EPON828  (14.4%)  25% 

Control  HMX  Composite  Propellant*^ 

Binder  ilsonate  136T,  Carbowax-40:', 

TMP,  and  FeAA)  25% 

HMX  75% 

where 


Isonate  136T  is  3,3‘-Bitolylene  4,4'- 
Diisocyanate. 

Carbowax-400  is  hydroxyl-terminated  polyethylene 
oxide  of  400  molecular  weight. 

TMP  is  trimethylolpropane  trimethacrylate. 

FeAA  is  ferric  acetylacelonate. 


®The  propellant  is  a castable  plastisol  which  uses 
particulate  nitrocellulose  (PNC)  with  a mean 
diameter  of  5p  as  its  main  ingredient 

*^Because  each  of  the  ingredients, PNC,  TMETN,  and 
TEGDN  contain  the  stabilizer  ethyl  centralite  (EC) , 
the  total  EC  in  the  propellant  is  1.7%. 

^The  ingredients  were  received  from  the  Wasatch 
Division  of  the  Thio)col  Corp.  in  a partially 
processed  form.  Experimental  propellants  were  made 
by  blending  in  the  additives  and  then  curing  the 
resulting  mixture  at  95  C for  2 hours. 


-38- 


t 

s. 

I 

i 

i 

r 

4.. 

r 


f 


f 

i 


Table  2 


SUMMARY  OP  PROPELLANT  FORMULATION 

~~?mg!R'‘fHiareaMot  PRPgBixwg 


DESIGNATION 

TCC/W-4* 


TCC/W-5* 
WC  846 


M-9 


FORMULATION 


75.0%  HMX,  15.0%  polyurethane 
binder  containing  0.4%  P in  the 
form  of  Phoechek-30,  10.0%  oxanide 

83.33%  HMXf  16.66%  polyurethane 

81%  NC  (13.15%  N),  10.0%  N6, 

5.8%  debutylphalate , 1.0% 
diphenylamine,  0.4%  graphite, 

1.0  to  1.5%  other  volatiles 

57.75%  NC  (13.15%  N) , 40%  NG, 

.1.5%  KNO3,  0.75%  diphenyl  amine 
(composition  may  be  diluted  by 
residual  volatiles) 


^Supplied  by  the  Wasatch  Division  of  the  Thiokol 
Corp. 
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Table  6 


Combustion  and  decomposition  temperatures  of  propellants 
and  propellant  ingredients. 


PROPELLANT  TYPE 


Temperature 

NC/MTN 

AP 

COMPOSITE 

HMX 

COMPOSITE 

Theoretical  isobaric 

flame  temperature  of 
principle  oxidizer 

^2500 

1405 

3275 

burning  as  a monopro-  j 
pel Ian t.  K 

Temperature  of  decom-  | 
position  at  slow  heat-j 
ing  rate,  K j 

Theoretical  isobaric 
fla.ae  temperature  of  ■ 
propellant,  K 

Condensed  phase  sur-  j 
face  temperature  dur-  ' 
ing  low  pressure 
burning,  T , K 

S 


^670^ 

'v.535^ 

(Hot  Plate) 

(DSC) 

(DSC) 

2537 

2850 

1940 

(With  39% 

(With  15% 

(With  15% 

MTN  and 
7%  TEGDN) 

PBAA) 

PU) 

'\,5003 

700-900^ 

'\-1050C 

^Kubota  (Ref.  12) 

^Derr,  et  al  (Ref.  19) 
^Biddle  (Ref. 20) 

^Steinz,  et  al  (Ref.  21) 


COOLANT 

T 

Oxa- 
! mide 


^506° 
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Table  7 


Chemical  analysis  of  binders  and  coolants 


Flash  pyrolysis  of  coolants: 

Identified  Gas  Product,  percent  by  v/eight 


Coolant 

CO2 

CO 

N2 

H2O 

Melamine 

- 

6 

46  48 

Oxamide 

1 

69 

13  15 

2 

Thermal  i 

decomposition  of  coolants: 

Combined 
DTA  and  TGA 

DTA 

T at  h T at 

Gas  evol 

. h 

peak,  cal/g  start 

9 

• “1/9 

C 

C 
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(b)  Very  slow  burning  (or  smoldering)  propellant  and  correspond- 
ingly low  blowing  permit  O2  to  diffuse  to  and  react  on 
the  surface. 

Fig.  1 The  processes  which  suppress  propellant  burning  alsc 
increase  the  concentration  of  atmospheric  02  at  the 
reacting  surface  and  thereby  tend  to  defeat  self- 
extingui  ment. 
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PORTION  OF  OPERATIONAL 
ENVIRONMENT  IN  WHICH 
PROPELLANT  WILL 
SELF-EXTINGUISH 


X 

< 


SELF- 

EXTINGUISH 
ME  NT  BOUNDARY  V2 


SELF-EXTINGUISHMENT 
BOUNDARY 


L-p/'ENVIRONMENT  FOR 

PROPELLANT  EXPOSURE 


-65  140 

AMBIENT  TEMPERATURE, 


(a)  Conventional  propellant  presents  a flammability 
hazard  throughout  moat  of  its  operational 
environment. 


(b) 


AMBIENT  TEMPERATURE,  "F 


Representation  of  the  goal  yet  to  be  achieved,  i.e., 
self-extinguishment  boundary  lies  beyond  environment 
for  propellant  exposure. 


Fig.  2 Illustration  of  the  research  goal  of  shifting  the 

boundary  for  self-extinguishment  beyond  the  ambient 
pressure  and  temperature  range  in  which  the  propellant 
will  be  exposed. 
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b)  IGNITION  STIMULUS  IS  REMOVED  AND  BURNING  RATE  ADJUSTS 
AS  FLAME  INHIBITION  "STRETCHES  OUT"  SELF-FLAME  AND  AS 
CHAR  INSULATES  BURNING  SURFACE  FROM  SECOND  FLAME  AND 
FROM  ATMOSPHERIC  OXYGEN. 


c)  GAS  EVOLUTION  RATE  HAS  DECAYED  SUFFICIENTLY  THAT 
HEAT  FEEDBACK  FROM  GAS  IS  NOT  SELF  SUSTAINING, 

Fig.  3 Failure  to  sustain  combustion  resulting  from  char 
formation. 
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a)  Coolant  decomposition  temperature  higher  than  surface 
temperature  of  basic  propellant.  Thus  the  endothermic 
decomposition  does  not  appreciably  affect  the  zone 
that  influences  ignitability  and  burning  rate. 


ENDOTHERMIC  DECOMPOSI- 
TION OF  COOLANT  OCCURS 
AT  PROPELLANT  SURFACE. 


b)  Coolant  decomposition  temperature  is  lower  than  the 

surface  temperature.  Thus,  the  endothermic  decomposi- 
tion occurs  in  a zone  where  it  has  a profound  influence 
on  ignitability  and  burning  rate. 


Conditions  which  determine  whether  a coolant  will 
be  effective  in  reducing  propellant  flammability. 
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Fig. 


4 


TEST  EXPOSURE  CONTROLLED  EXPERIMl.'IJT 


1 . HOT  GAS 
TORCH 


TORCH 


2.  HOT  PLATE  Tp^^^^ 

^CONTACT 

3.  RADIATION  q/A 

^SWEEP 


4.  BURNING  IN  p 

CONTROLLED  GAS 

ATMOSPHERE 


MEASURED; 


i 


PROP. 


^LATE 


AIR 


RADIANT 

FLUX 


TIME  TO  IGNITION, 

T(x,t)  (IN  SELECTED  SAMPLES). 
PRESSURE  OF  3ELF-EXTINGUISH»<1ENT. 
BURNING  RATE  VERSUS  AIR  PRESSURE. 


Fig.  5 Schematic  representation  illustrating  the 
types  of  laboratory  tests  used  to  measure 
the  effectiveness  of  flammability  reducing 
modifications . 
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SWEEP  SECOND 


OUTLET  FOR 


torch  which 

CAN  BE  PIVOTED 
TO  IMPINGE 
SPECIMEN 


HAND  WATCH 


CO2  BLAST 


SPECIMEN 

HOLDER 


(a)  Photograph  of  apparatus. 


! 


specimen.  specimen. 

Fig.  6 Apparatus  to  measure  times  and  to  photograph  ignition 
and  self'-extinguishment  processes  that  occur  during 
and  after  exposure  of  propellant  specimens  to  a 
calibrated  flame. 
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TYPICAL  35mm  FRAME 


PRESSURE 
TIME  — . 


END  VIEW 
SIDE  VIEW 


CLOCK 


PRESSURE  / 
GAGE  ' 


FLOW  METHR 
FOR 

RESUPPLirn 

AIR 


MIRROR 


fF— 


PYREX 

DISKS 

SAMPLE 

■ I ' 

I 


\ FIELD 

roF  ■ 

\ VIEW 


-A 


MIRROR  FOR 

VIEWING 

SIDE 


CONNECTION  TO 
SURGE  TANK 


MOTORIZED  35MM 
CAMERA 


NOTE:  IN  THIS  CONFIGURATION, 

THE  PROPELLANT  SPECIMEN 
IS  IGNITED  BY  THE  FLAME 
FROM  A CONVENTIONAL 
PROPELLANT . 


Fig.  7 Atmospheric  chamber  arranged  for  photographing 
flame  development  and  self-ext inguishment . 


CONDITIONS: 

AIR  AT  1.0  ATM 
PROPELLANT:  CONTROL  NC  BASED 
SIZE:  1.27  CM  OD 

2.54  CM  LONG 


f VERTICAL 
DIRECTION 


Fig.  8 cross-sectional  profiles  of  horizontal  cylinder 
burning  in  air. 
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CONriTIONS: 
air  at  1.0  ATM 
PROPELLANT:  TCC/W-4 

SIZE:  1.27  CM  OD 

2.54  CM  LONG 


7 r\ 

^ / 


time,  sec. 
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/ 


10  20 
time,  sec. 
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\ \ 


“ =yUnd«\“nTLlr.1r“‘ 


■ n.  i. 
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CONDITIONS: 


AIR  AT  1.0  TM 

propellant:  ^TCc/W-4  (!«.  OXAMPDE.  0.4%P) 
CM  LONG 

COMBUSTION  LEAVES  RIGID  ASH  * 


In 


Fig.  11  Transient  development  of  outer  boundary 
surrounding  burning  horizontal  cylinder 


of  dark  zone 
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CONDITIONS: 

AIR  AT  1.0  ATM 

PROPELLANT:  TCC/W-5  (NO  FLAME  RETARDANTS) 
SIZE:  1.27  CM  OD 

2.54  CM  LONG 

COMBUSTION  LEAVES  RIGID  ASH 


A 


Fig.  12  Transient  development  of  outer  boundary  of  flame  zone 
surroimding  burning  horizontal  cylinder. 
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ment  so  that  it  equals  propellant  burning  rate. 


PROPELLANT  SPECIMEN 
PROTRUDING  FROM 
HOLDER 

(b)  Photograph  of  leading  edge  of  specimen  holder  with 
specimen  in  place. 


Fig.  13  Drive  mechanism  for  advancing  propellant  to  obtain 
steady  state  burning  vates  under  ambient  air 
conditions. 
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14  Photograph  of  ch2unber  for  conducting  experiments  unde: 
controlled  atmospheres  (prototype  for  measuring  stead 
state  burning  rates  is  in  place) . 


MASS  BURNING  RATE  OF  CUBE,  Jn^  , G/SEC 


ik^WP!  yiW"  t'•!P^4nNW^.•u 


Fig.  15  Burning  rate  versus  pressure  of  nitrocellulose 

propellant  modified  with  ethylene  dibromide  show- 
ing that  adding  ethylene  dibromide  does  not  produce 
a useful  self -extinguishment  point. 


BURNING  RATE,  G/SEC 


0.10 


r CONTROL  IS  SIMILAR  TO  PNC  PROPEL- 
|-  LANT  BATCH  1026 


CONTROL  NC  BASED  PROPELLANT 
a = +7%  ETHYLENE  DIBROMIDE  (LIQUID) 
b = +10%  TETRABROMOETHYLENE  (SOLID) 

I POINT  OF  SELF-EXTINGUISHMENT 


ATM 


Fig.  16 


Comparison  of  solid  and  liquid  halogen 
additives  shows  that  neither  are  effective 
flammability  reducing  agents. 


MASS  BURNING  R/.TE,  g/SBC 


0.5 

PRESSURE,  ATM 


Fig.  17  Comparison  of  the  effectiveness  of  a straight 
chain  (a)  and  ring  (b)  halogen  shows  that 
neither  are  effective  flammability  reducing 
additives.  ^ 


CONTROL ■ 


CONTROL  NC  BASED  PROPELLANT 
» +10%  1,2, 4, 5 TETRABROMO- 
BENZENE 

- +10%  2,4,6  TRIBROMOPHENOL 


PRESSURE,  ATM 

Pig.  18  Comparison  of  the  effect  of  substituent 
group  (i.e.,  hydroxyl)  on  ring  halogen 
shows  that  modifying  the  ring  halogen 
is  not  effective  in  reducing  flammability 


PRESSURE,  ATMOSPHERE 

Fig*  19  Burning  rate  versus  pressure  of  AP/PBAA  ccmposite 
propellant  modified  with  ethylene  dibromide  show- 
ing that  ethylene  dibromide  does  not  affect  the 
burning  rate  characteristics  in  the  low  pressure 
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Fig.  20  Comparison  of  liquid  and  solid  halogen 

additives  shows  that  neither  is  effective 
flantmability  reducing  agents  in  AP 
composite  propellants. 


65 


0.03 


0.02 


§ 0.01 


0.005 


CONTROL  HMX  COMPOSITE 
PROPELLANT 


0.2  0.3  0.5 

PRESSURE,  ATM 


Fig.  21  Halogen  additive  does  not  modify  mass  burning 
behavior  and  does  not  reduce  flammability  of 
HMX  Composite  propellant. 


BURNING  RATE,  g/SEC 


MASS  BURNING  RATE,  g/SEC 


•9m 


t 


Fig.  25  10%  triphenylphosphonium  bromide  as  an 

additive  makes  propellant  more  susceptible 
to  burning  and  does  not  reduce  flammability. 
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0*2  0.5  l.O 

AIR  PRJESSOlU!,  ATM 

Fi?*  26  Of  the  phoephorua  containing  compounds  added 
to  AP  compoaite  propellants  Phoschei  -30  is 
tte  moat  effective  in  reducing  burning  rate 
none  of  the  additives  produce  an  appre** 
ciable  reduction  in  flammability. 
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MASS  BURNING  RATE,  GM/SEC 


0,1 


0.2 


0.5 


1.0 


AIR  PRESSURE,  ATM 

27  Decrease  of  igni'*ability  and  burning 
r'-.te  of  AP  composite  with  increased 
pnosphate  loading. 
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MASS  BURNING  RATE,  G/SEC 


(B>  + 101  AMMONIUM  PHOSPHATE,  DIBASIC 

(C)  +10%  TRIPHENYL  PHOSPHATE 

(D>  + J0%  TRITOTYL  PHOSPHATE 

Pig.  28  Effect  of  phosphorus  additives  on  HMX  composite 
limits  burning  rate  and  flammability 
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BURNING  RATE,  g/SEC 


Fig.  30  Coaparison  of  coolant*  used  in  AP  composite 
propellants  shows  that  NH4Br  is  the  most 
effective  in  decrsaaing  flammability  and 
greatly  reduces  burning  rate. 
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BURNING  RATE,  G/SEC 


77- 


Effect  of  additives  on  burning  rate  and  pressure  of  deflagration 
limit  in  N-  showing  that  oxamide  reduces  burning  rate  by  20%. 


MASS  BURNING  RATE,  g/SEC 


Pig.  34  Comparison  of  tetraphenyl  compounds  showing 
that  they  are  not  effective  in  reducing  the 
flammability  of  nitrocellulose  propellemts. 
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TIME  TO  FIRST  FLAME,  SEC 
2 3 4 


1)  TGP-7312-090 

HMX  85%  a 

THIOKOL/WASATCH 

2)  CASOL 

TAGM  55%  b 

ROCKETDYNE 

3)  PPL  6180 
HMX  70% 

PICATINNY  ARS. 

4)  PPL  6217 

TAG  PICRATE  60% 
HMX  10% 

5)  PPL  6151 
HMX  16% 

TAGN  54% 

6)  PPL  6152 
HMX  25% 

TAGN  45% 


NOTE:  Propellants  3 

through  8 extinguished 
after  less  than  0.3  sec 
of  the  CO2  gas  jet. 


7)  HES  8602.2 
HMX  74.0%,  NC 

7. 5%, HERCULES /FA 

8)  HES  8028 
HMX  84% 

HERCULES  /FA 


M-9 

NC/NG  C 

CONTROL  NC  C, 

BASED  PROPELLANtI 

WC  846  BALL 
PROTECTED  BY 
0.025  cm  BRASS  DISK 

^ AVERAGE  OF  5 TESTS 

NOTES;  a Continued  to  smolder  after  flame  was  extinguished 
by  CO2  gas  jet. 

b Self-extinguished  immediately  after  removal  of 
acetylene  flame. 

c Extremely  vigorous  flame  which  could  not  be 
extinguished  by  regular  CO2  gas  jet. 

ACETYLENE  FLAME;  Nozzle  No.  00,  Acetylene  pressure  =2.5  psig 

Nozzle  tip  to  propellant  surface  = 2.85  cm 
Flame  length  = 2.2  cm 
TEST  SERIES  E 

Fig.  35  Times  to  ignition  of  propellants  provided  by  Frankford 

Arsenal  (propellant  compositions  summarized  in  Table  8) . 
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PWCRi 


7.5  SEC 


a)  Steady  State  Conditions 


b)  Depth  of  preheat 
Slow  heat-up-to-ignition 

Fast  heat-up-tO“ignition 


c)  Example  of  deep  preheat  region 
resulting  from  low  heating 
rate 


Preheated  region  which 
is  more  likely  to 
retain  flame 


Surface 

Preheat  Zone 
corresponding  to 
steady  state  burning 

Zone  heated  during 
slow  heat-up-to~ 
ignition 


Fig.  36  Effect  of  low  heating  rate  on  conditions  for 
self -extinguishment 


